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We review
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and properties
the properties
the properties

perties of the

Abstract

recent results in electron—pbsitron annihilation above a
energy of 2 GeV with particular emphasis on the production

. . . + - .
of new particles. Topics include the total e e cross section,
of jet-like structure in high energy multi-particle events,
of the ¥ family of charmonium states, the production and pro-

charmed D mesons, and evidence for and the properties of the

T, a new charged lepton.



1. INTRCDUCTION

New results and important discoveries in electron-positron annihilation
“haved%een appearing with astonishing rapidity; This paper reviews the results
and discoveries of the past two years, and it brings up to date our earlier
review [1.1] of-this subject, called ref.[i]. Again, és in that review, we
restrict our discussion to total energies above 2 GeV. This is a review
from the experimental viewpoint; the required theoretical background is pro-
vided as the paper progresses and a general review of the theory has been
given in I and in a review [llZ] by Schwitters and Strauch called ref, [II].
Another general review by Wiik and Wolf [1.3] is called ref.[1I1].

In this article we do not review purely quantum electrodynamic pro-~
cesses [II,1.4] or particle production through two-virtual-photon processes [1.5].
The next two sections present new results on the production of hadrons thru one-
photon exchange: section 2 discusses the total hadronic cross section and
section 3 describes the jet structure in hadron preduction.

Sections 4 thru 6 review the new particles produced in e+e_ annihilation.
The extensive ¥/J family of particles is discussed in section 4. The discovery
and properties of the charmed D mesons is described in section 5. Section
6 reviews anomalous lepton production in e+e— annihilation and its sources.
There is now very good evidence that one source is.a new charged lepton with
a mass of 1.9 GeV/c2 formerly called the U particle, and now called the 1. Pro-
perties of the 1 are reviewed in section 6. Another source is the semi-leptonic
decays of the charmed mesons such as the D's, also discussed in section 6.

This paper concludes with a discussion of the physics which may be studied
at the e+e_ colliding beams facilities now under construction: PEP and PETRA,

Descriptions of e+e— colliding beam facilities and their basic parameters
are given in I, ITI, and III. We remind the reader that in these facilities the e+

and e beams have equal energies E Their momenta are equal in magnitude

beam



and opposite in

energy is

We also use

direction.

Hence the total momentum is zero and the total
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-

(1.1)

(1.2)



2. THE TOTAL HADRONIC CROSS SECTION IN e+e_ ANNTIHILATION

2.1, The Total Hadronic Cross Section and the Quark Model

Figure 2.1 shows somewhat schematically the total cross section,

Ohad® for hadron production )
+ -
e + e = hadrons (2.1)
. + - . . . .
in e e annihilation. Purely quantum electrodynamics reactions such as
+ — —
e +e - e+ + e

e+ + e - u+ +u (2.2)

+ - + - + -
e +e »e +e +u +u
are excluded. The experimenter also attempts to exclude, or correct for,
the two-virtual-photon processes [i.5]
+ - +, -
e + e -+ e + e + hadrons ; (2.3)
so that the data can be compared with the theory of the dominant one-virtual-

photon process of fig. 2.2a. However for the present, Gtot does include

the production and decay of a charged heavy lepton for which we now have
evidence, section 6.

There are two simple ways at present to understand the photon-hadron
vertex in fig. 2.2a. If the energy is such that the final hadronic state
is dominated by a vector meson such as the p, ¢, ¥/J, or ¥', then the vector
meson dominance model can be used, fig. 2.2d. Discussion of this model and
references are given in refs. [I,II,III].

In this section we concentrate on the model in fig. 2.2c¢; the quark model
for production of hadrons away from a resonance. We call this the continuum
region. In this model we decompose the photon-hadron vertex, fig. 2,2a, into

the two step process shown in fig. 2.2c. First the virtual photon materializes



into a quark-antiquark pair, qa. Then the qa pairs annihilates into hadrons.

If we_assume

a. the quarks are Dirac point particles with charge 1Qe (e being the electron
charge),

b. the production of the qq pair is independent of their anniﬂilation into
hadrons;

then we can calculate the total cross section for this process. The qq pair

production process is given by quantum electrodynamics; and assuming quarks

cannot be free [2.1], the .probability of the aq pair annihilating into

hadrons is 1. 1Indeed neglecting the quark mass we obtain the formula

4ﬁa2Q2

3E2
cm

) = (2.4)

Ohad(Ecm

Furthermore if there are N different kinds of quarks, each with charge Qne

and mass m o, there are N processes of the type in fig. 2.2c. Then

N
4o’ 3 Q-
n=1
o (E ) = ———— (2.4a)
had " "cm 3EZ
cm
for
E >> 2m , n=1,2...N (2.4b)
cm n

Here >> means at least 0.5 GeV or so greater.
The production of qq pairs involves the same diagram as the production
of a u'u” pair (fig. 2.2b)
et e sy : (2.5)
The total u-pair production cross section is [I]

- 4ra

+ —(Ecm) 3E2
U cm

o (2.6)

This is such a simple and powerful analogy that it has been conventional in



e+e- annihilation physics to define

- R(E_) =0, (B /o, _(E) (2.7)
o
Then this theory predicts for the continumm
N o
R(Ecm) = nngn ;  all m << Ecm/Z (2.8)

Figure 2.3 shows the experimental values of R. Ignoring the resonances and
peaks, we see that R varies between 1 and 6. Most of the Ecm 2 2 GeV data
comes from the SLAC-LBL Magnetic Detector Collaboration [2.2]. Their de-

tector is shown in fig. 2.4. To test how well eq. (2.8) explains the data

in fig. 2.3 we use the conventional fractionally charged quark model [2-3].
The charge and quantum numbers of these quarks are given in table 2.1,

and a crude estimate of the effective mass of these quarks is given in
table 5.3 Using the tables, assuming that each quark haé an additional
three-valued quantum number such as color [2.3] associated with it, eq. (2.8)
yields

R(E_ 7 4.5 CeV) = 3[(%)2 R (%—)2] =3 (2.9

Hence the quark model certainly gives an order of magnitude explanation of
the Ecm R 4.5 GeV behavior of R (fig. 2.3). The model also expains the in-
crease in R in the Ecm ~ 4 GeV region. Below Ecmw 4 GeV the charmed quark

cannot participate in the process in fig. 2.3c; therefore we expect

R(2 ZE_ % 3.5GeV) = 3[(%)2 + (El,;)2 + (%)2] =2 (2.10)

This is in good agreement with the data.
But when we become more critical we see that there is a discrepancy
in the ECm 2 4.5 GeV region. Figure 2.3 gives an R of 5.0 to 5.5 in this region;

eq. (2.9) gives 3.33! This discrepancy is reduced by the probable
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2
existence of a new charged lepton, the 1, with a mass of 1.9 GeV/c~ (see
section 6). The T is produced through the reaction

- e+ + e - T+ + T (2.11)

the process being the same as that in fig. 2.2b. Indeed once Ecm is some-

what larger than 2mT,-the production cross section is -

o, _= i (2.12)
T T 3E
cm
the same as eq. (2.6). The dominant decay modes would be
T »v_+e +v
T e
T_—?\)T+u—+.\-)'u
T - v, + hadrons (2.13)

Here Vo is a neutrino associated with the t. If we acceét the existence
of this heavy lepton than experimentally all the decay modes of the T+T-
pair produced in eq. (2.11) are counted in Ghad' Even the purely leptonic
decay modes are counted in at present. Then eq. (2.11) contributes one

unit of R at high E and
cm

> 1
R(E, ™~ 4.5 GeV) = 33+ 1 = 4.33 (2.14)



2.2.

3 < < I3
Oiaq 1B the 3.8 n ECm ~ 4.6 GeV Region

The 3.8 to 4.6 GeV Ecm region has a rich structure in © The SLAC-LBL

had’
Magnetic Detector Collaboration data [2.4] in terms of R is shown in fig. 2.5.
And recent R data from the PLUTO group at DORIS (J. Burmester et al., [2.5]) is
shown in fig. 2.6. Fiéure.2.7 éhows their detector. The two sets of data agree
as to the main features of the energy dependence in R:

a. There is a complex enhancement in the Ecm = 4,0 to 4.1 GeV region. This
enhancement has a steep rise which begins at v 4.00 GeV and reaches a peak in the
4.03 to 4.05 GeV region. The 4.1 GeV enhancement then has a broad shoulder or
second peak extending out to V4,20 GeV. The SLAC-LBL data shows a peak in this
shoulder region at 4.11 GeV while the PLUTO data ié more rounded and the shoulder
has a maximum at ~ 4.15 GeV. But these differences may be due to statistical
fluctuations, and given the statistics, the ovgrall 4.1 enhancement data is in
good agreement.

b. There is a resonance~like structure at 4.4 GeV in both sets of data. The

SLAC~LBL data [2.4] gives the following parameters for the resonance

Mass 4414 1 7 Mev
(2.15)

T 33 * 10MevV

As pointed out by Burmester g&__l} [2.5] their average R values in the
4. to 5. GeV region are lower than those of the SLAC-LBL group. The difference
in the R values is due to systematic errors in one or both’experiments, and
these differences a;e now being studied by both groups.

The obviously complicated 4.1 GeV enhancement may be caused by one or
more phenomena:

a. This region is the threshold for charmed D meson pair production,

section 5. 1Imn particular D mesons production is enhanced in the 4.03 - 4.05
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region. If charmed F mesons exist, they could also contribute’to

the structure.

B. As Oy aq Passes thru the charmed quark threshold, about 3.8 GeV, there
may be overshoots and oscillations in %had [2.6].

c¢. There may be-one or more higher mass members of the ¢, ¥’ family in this
region, section 4, and these could lead to resonance peaks.
d. Collective "molecular" states of charmed particles have also been pro-
posed [2.7] and might contribute to the structure of the 4.1 GeV enhancement.
Clearly a great deal of work has to be done to fully understand the 4.1 GeV
enhancement.

We know very little about the nature of the 4.4 GeV peak. It could be
a higher mass member of the Y, ¢' family, section 4. It could be related
to an enhancement in charmed particle production, although preliminary data
is inconclusive as to the extent of charméd partiéle production enhancement
in the 4.4 GeV region. As with the 4.1 GeV region there is a great deal of

work to be done here.



3. JET STRUCTURE

3.1. Introduction

One of the most beautiful and definitive predictions of the quark-
parton constitueﬁt models of elementary parficles is that a two-jet struc-
ture should characterize high energy e+e_ annihilations [3.1 - 3.4]. These
models postulate that the e+e- annihilate to form a virtual photon which
produces a quark-antiquark pair, each of which fragments to hadrons, as
shown in fig. 3.1. At sufficiently high energy, a two-jet structure arises
due to the limited transverse momentum of the hadrons with respect to the
quark-parton direction. In principle, the spin of the quark-parton can be
determined from the angular distribution of the jets.

A special problem in studying jets in high energy e+e— annihilations
is that about half the cross section comes from charm particle and heavy
lepton (1) production (see sections 5 and 6). Charm particle decays will
tend to produce jets with slightly larger transverse momenta than jets
from lighter quarks. Production of T pairs will automatically produce
jet-like structures and will tend to contaminate our study of hadronic
jets. Fortunately, about 70% of all T pairs result in only two charged
particles. Since we shall restrict the study of jets to events with three
or more observed prongs, T decays will not appreciably affect the results.

The following‘sections will discuss the jet formalism, sphericity
distributions, possible alternate explanations, angular distributions, and
inclusive momentum distributions [3.5].

3.2. Formalism

The key to searching for jets lies in the definition of jet struc-
ture. One can characterize jet structure as the tendency for the trans-

verse momentum to be limited with respect to some axis. This definition



allows us to quantify the amount of jet-like behavior by a single param-
eter:  the average transverse momentum to the jet axis. (A second pa-
rameter will be needed to specify the angular distribution of the jet
axis.) - ‘ : ) ‘ .

The procedure for finding jets is based on a suggestion by Bjorken

and Brodsky [3.3]. 1In words, the procedure is

(a) Find for each event the axis which minimizes the sum of the
squares of transverse momenta to it. This axis will be de-
fined as the reconstructed jet axis.

(b) Construct a quantitative measure of the amount of jet-like
structure by comparing the relative amount of transverse
momenta to orthogonal axes.

(c) Perform Monte Carlo simulations to evaluate the significance
of the results.

The jet axis is found mathematically for each event by constructing

the tensor

_ 2 4 i
T ~ 21: <6ozB Py 7R pB> (3.1

where the summation is over all detected charged particles and o and B
are Cartesian coordinates. This tensor is analogous to a moment of inertia
tensor.

The tensor is(diagonalized to yield three eigenvectors and three
eigenvalues, Al,kz, and A3. The eigenvalues are the sum of the squares
of the transverse momenta to the eigenvector directions. The smallest

eigenvalue, kg, is the minimum sum of transverse momenta to any axis, and

thus its associated eigenvector is the reconstructed jet axis.
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To measure how jet-like an event is, we define the sphericity, S,

\
34, _ 3<Epii}

Ay Fhyths zZpﬁ

min

(5}
|

. (3.2)

For each event the sphericity is between 0 and 1.

Finally, to interpret the results, two types of Monte Carlo simula-
tions were performed. In the first, the phase space model, events were
simulated with the particles' momentum distributions given by invariant
phase space. The mean multiplicity of produced particles and the ratio
of charged to neutral particles were set in the Monte Carlo to match the
observed mean charged multiplicity and average momentum. The second
model, the jet model, differed only in that a matrix element squared,

2 2
) (Z Pii )/Zr
= e (3.3)
was inserted. The summation is taken over all of the produced particles,pl
is the momentum transverse to the produced jet axis, and r is a free param-
eter which can be adjusted to give a desired mean transverse momentum.

In both models all particles were assumed to be pions. Calculations
done with the addition of kaons, 7's, and nucleons give substantially the
same results.

3.3. Sphericity Distributions

The mean observed sphericity as a function of energy is shown in
fig. 3.2. It is fairly constant between 3.0 and 4.8 GeV, but is signifi-
cantly lower at 6.2 and 7.4 GeV. The expected mean observed sphericity

based on the phase space model is given by the dashed line. It rises as
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a function of energy in sharp contrast to the data. The rise predicted
by thie model is due to the increase in multiplicity with energy and will
occur in any uncorrelated model. The solid curve shows the results of the
jet model. The parameter r is fit to agree with the mean observed P, with
respect to the jet axis. The mean pl, corrected for acceptance, was found
to be in the range 325 to 360 MeV/c with no particular energy dependence.
A plot of the observed pl with respect to the jet axis at 7.4 GeV is shown
in fig. 3.3. The jet model reproduces the data well, while the phase space
model predicts too many particles at high P-

Figure 3.4 shows observed sphericity distributions at three energies.
At 3.0 GeV, the phase space and jet models are essentially identical and
both describe the distribution well. However, at 6.2 and 7.4 GeV, only the
jet model provides a reasonable description of the data.

3.4. Alternate Explanations

These distributions provide the basic evidence for jet-like structure
in e+e— annihilations. They show that at high energy the data are not de-
scribed well by invariant phase space but can be described by a model in
which the transverse momentum is limited. We will now consider some
alternative explanations for this behavior.

The inclusive x distribution at 7.4 GeV does not agree with the pre-
dictions of the phase space model. This can be seen in fig. 3.5 where the
7.4 GeV inclusive momentum spectrum is plotted along with ﬁhe Monte Carlo
distributions. This disagreement is to be expected given the existence of
jets, but a legitimate question can be asked: Is the existence of extra
high momentum tracks sufficient to give jet-like sphericity distributions?
The answer is no, as illustrated by fig. 3.6. Here the data at 7.4 GeV

have been divided into two sets, one in which there is an observed particle
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with x> 0.4, and one in which there is not. The latter set is in good

.~ agreemeat with the phase space momentum distribution, while the former
set has an enriched sample of high momentum tracks and is thus closer to
the (renormalized) phase space mqmentum distribution. Ip both cases the
phase space sphericity distributions fail to describe the data, %hile the
jet model distributions are reasonably close.

Another alternative explanation is that the jet structure is caused
by the production of two meson resonances which decay. This process might
dominate at present energies, but slowly die out at higher energies. We
have not found any data to support this explanation. Figure 3.7 shows the
distribution of observed jet masses, where the jet mass is defined by con-
structing a plane perpendicular to the reconstructed jet axis and calculat-
ing the invariant mass of the observed particles on either side of the plane.
There are two discrete bins in fig. 3.7a, which corresponﬁ to the detection
of zero and one charged particle. Wﬁen two or more charged particles are
detected in the jet, there is a smooth continuum of masses which is flat
from threshold to about 750 MeV and then decreases. In fig. 3.7b and 3.7c,
where two and three prong jets have been isolated, there is evidence for
K;'s and p's but £ and A mesons are not evident. In all there does not
seem to be any evidence for copious resonance production.

3.5. Angular Distributiomns

Under the assumption of one photon exchange all angulér distributions,

whether they be of inclusive hadrons or of the jet axis, must be of the form

2
-g% X 1+ g cos2 9 + P2 o sin O cos 29 (3.4)
where
g -0
o= , (3.5)



O and GL are transverse and longitudinal cross sections, 6 is the polar
angle to the beam, P is the transverse beam polarization, and ¢ is the
azimuthal angle measured from the plane of the ring [3.6]. The only
parameter in eq. (3.4),‘a, can be measured even if P is zero, so the trans-
verse polarization gives no new theoretical information. However, since the
SPEAR magnetic detector measures only a portion of the © region, but is almost
unbiased in @ , the polarization is extremely important experimentally.

Figure 3.8 shows the observed azimuthal angle of the jet axis at
7.4 GeV, where polarization has been observed, and at 6.2 GeV where polar-
ization is absent due to a depolarizing resonance at that energy [3.7, 3.8].

The data at 7.4 GeV show a clear azimuthal dependence from which an o for

the jet axis can be deduced with the aid of the jet model simulation,

Uit = 0.97 £ 0.14 , . (3.6)

where the error reflects only the statistical uncertainty. This value is
close to what one expects for jets originating from spin 1/2 partonms,
o = 1, and is completely incompatible with the prediction of spin O partons,
a= -1.

The jet model also produces a good description of the inclusive
hadron angular distribution (3.9]. Figure 3.9 shows ¢ versus x for in-
clusive hadrons and the prediction of the jet model with ajet = 0,97 + 0.14.
The change from isotropic particle production at low X to muon-like distribu-

tions at high x is reproduced.

3.6 Inclusive Momentum Distributions

In electroproduction of hadroms, it is customary to plot momentum

spectra with respect to the direction of the virtual photon, which in



quark-parton models is approximately the direction of the struck parton.
Similardy, in e+e_ annihilation, the reconstructed jet axis approximates
the direction of the original parton pair, and thus is the direction with
respect to which momentum distribptions should be plotted.

Figures 3.10 and 3.11 show the inclusive momentum spectra a;d the
inclusive momentum spectra parallel to the jet axis at four center-of-
mass energies. These spectra are presented as x vs s do/dx and
x“ Vs S do/dx“ since the latter of these quantities is expected to scale
in quark-parton models. Figure 3.11 shows that data at center-of-
mass energies above 4.8 GeV appear to scale in s dc/dx” for all x“ . The
3.0 GeV data cannot scale everywhere since the total cross section does
not scale for these data, i.e., R is lower at 3.0 GeV than at 4.8 GeV and
above. Nevertheless, for x“ > 0.6, s do/dx“ appears to be the same for
all four energies. For x” < 0.6, the slope of the 3.0 GeV data is similar
to that of the higher energy data, but the magnitude of s dc/dx“ is smaller.

To study pl and rapidity distributions, it is necessary to restrict
the data sample to events with at least one particle with x> 0.5. If
the entire data sample is used, the jet axis is often poorly defined and
the corrections for using the wrong jet axis become enormous. Figure 3.12
shows (1/0) - dc/dpl vs p, where P, is the transverse momentum relative
to the jet axis and the distributions are normalized to the cross section
for events with Xma# > 0.5. The particle with the highest x is not plotted.
The shape of the pl distribution is approximately the same at all energies.
The area under the curve increases with energy because the multiplicity

increases.
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Figure 3.13 shows distributions in rapidity with respect to the jet

axis normalized in the same way the pl distributions were. The rapidity

is defined by

E - pu
Pl

y = %ﬂn (————LLP'{ > , (3.7)
where E is the energy of the particle with a pion mass assumed and p“ is
thé component of particle momentum parallel to the jet axis. The widths
of the distributions increase logarithmically with energy and at 7.4 GeV
the rapidity distribution appears to develop a plateau. The rapidity dis-
tributions are similar in shape to those observed in proton-proton col-
lisions [3.10].
3.7.Summary

We have seen a beautiful confirmation of the basic predictions of the

quark—parton constituent models:

(1) Two-jet structure appears in high energy e+e- annihilations
characterized by a transverse momentum which is roughly con-
stant as a function of energy and which is similar to transverse
momenta observed in hadron-hadron collisions.

(2) The jets have angular distribution which is consistent with the
expected distribution for spin 1/2 partoms.

(3) The quantity s do/dx“ approximately scales at energies of 4.8

GeV and above.
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4. THE ¢ FAMILY

"~ 4.1. Iptroduction

This section will cover the properties of the various members of the ¥
family, the bound  states of a charmed quark and a charmed anti-quark. The
recent identification of charmed mesons in e+e— annihilation, wﬁich we shall
discuss in section 5, has effectively removed other explanations of the
origin of the Y particles as viable alternatives. Accordingly, whenever it
is convenient to do so, we shall assume that'members of the ¥ family are
states of charmonium.

The known members of the ¢ family fall into two classes, the y's,
s-channel resonances which have JP¢ = 177 and are produced at rest in
e+e— annihilations, and the ¥x's, C-even states which are observed in the
radiative decays of the ¥ and V' [4.1]. The ¥'s consist of two extremely
narrow resonances, the ¥ [=y(3095) or J]| and the ¥' f=¢(3684)], and pro-
bably several broader resonances at higher mass. The mass region between
3.9 and 4.3 GeV/c2 is quite complicated and not well understood. In addition
to resonances, there are many thresholds for charmed meson production con-~
spiring to create the complex structure seen in fig. 2.5. An isolated re-
sonance, the ¥(4414), appears above this region [4.2] and it is shown in
more detail in fig. 4.1.

The most remarkable property of the ¢ family is the narrowness of the
states which lie below the threshold for charmed meson pair'production. The
strong decays of these particles are not inhibited by any conservation law,
yet their rates are three to four orders of magnitude smaller than those for
ordinary strong decays. This behavior is explained phenomenologically by the Okubo-

Zweig~Tizuka (0ZI) rule [4.3]) which was formulated a decade ago to account
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for the suppression of ¢ = 3m. The OZI rule as it applies to ¢ decays is
illusEEated in fig. 4.2. Quark diagrams which are disconnected are suppressed
relative to diagrams which are not. A disconnected diagram is one in which
one or more particles can be isolated by drawing a line which does not cross
any quark lines. The ¢ is the first known particle all of whos; strong

decays are OZI suppressed. We shall return to a discussion of this rule as

it manifests itself in ¢ decays in section 4.4.4.

4.,2. Decay Widths

Figures 4.3 and 4.4 show the measured cross sections for hadron pro-
duction, u pair production, and e pair production (or scattering) in the
vicinity of the ¢ and ¢’ "4.4,4.5". These are oely apparent cross sections
because in both cases the true widths of the resonances are considerably
smaller than the experimental resolution.

In cases such as this the true widths must be determined by a "trick'.
Here the trick is that we measure the we+e_ coupling two different ways. As
can be seen from fig. 4.5, e+e— + ¢ -+ anything is proportional to this
coupling, while e+e_ -y > e+e_ is proportional to the square.

The formalism is fairly simple. For any final state f, the resonant cross
section will be given by

B TC S Tees .1

i v, £ m2 (E—m)2 + T2/4

where m is the mass of the y, J is its spin, Tf is the partial decay width

to the state f, and T' is the total decay width.

Iﬁtegrating eq. (4.1) and using J = 1 we obtain

2
= IO dE =%
Ip’f w’f m211
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(4.2)
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We can now use eq. (4.2) to obtain all the widths. In particular,

-~

2
m
T =—= 1 (4.3)
ee 67r2 ¥,all
and .
z
- _Y,all
T = Pee (4.4)
Y,ee

For simplicity we have ignored radiative effects and interference be-
tween Y decays and the direct chanﬁel e+e_ + f£. These effects can be in-
cluded in a straightforward way.

The widths determined by the SLAC-LBL collaboration for the y,y', and
higher resonances are given in table 4.1 "4.2,4.4,4.5]. (The world averages
for the ¢ and ¢', which are only slightly different, will be given later in
a complete list of decay modes.) Note that although we dpn't know how
many resonances are in the 4.1 GeV region or their locations and widths,
we can still determine that the branching fractions to electron pairs are
of order 10—5 since they are only proportional to the peak cross sections.

4.3, Spin, Parity, and Charge Conjugation

If the ¥ particles are states of charmonium, they should be produced
in e+e_ annihilations by coupling to the photon, in which case they would
have the same quantum numbers, JP¢ = 177, This would not have to be the
case, however, if they coupled directly to leptons, so an experimental
check is clearly important.

We can determine the quantum numbers directly by observing the inter-
ference between the leptonic decays of the ¢ particles and the direct
production of lepton pairs. The formalism can be found in I.6.3.

The ratio of muon pairs to electron pairs as a function of energy
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is shown for the y and the ¢' in fig. 4.6. This ratio is used because
it is least sensitive to normalization effects and because the electron
pairs ;;e expected to have a small constructive interference below the
resonance (due to interference with the spacelike diagram). The data
are inconsistent with no interference by 2.% standard deviatidhs in the
Y region [4.4]) and by 4.9 standard deviations in the y' region [4.5].
This is sufficient to confirm that the quantum numbers of both the ¢y and

' are those of the photon, P =17,

4.4. Decays of the y

4.4.1. Table of Results

Table 4.2 contains a compendium of the world measurements of ¥ de-
cays. The cutoff date for inclusion of data in this table (and other
tables in section 4) was March 15, 1977. 1In the following subsections
we shall examine the consequences of these measurements.
4.4.2., TIsospin and G Parity

We can determine the G parity of the y by observing whether it decays
into even or odd numbers of pions. It turns out that the y decays into
both even and odd numbers of pions ~— a violation of I spin. However, this
violation occurs in precisely the way we expect it to occur, and in the way
it is required to occur, if the ¥ couples to a photon.

Consider the three diagrams in fig. 4.7. Figure 4.7a shows the direct
decay of the ¥ into badrons, (b) shows the decay of the { into hadroms
via an intermediate photons, and (c) show the decay into upairs. In (b),
the nature of the final state, except for a phase factor, must be the same
as the non-resonant final state produced in e+e_ annihilation at the same
energy. This state need not conserve isospin and may be quite different

from the state produced by (a). Furthermore, we know what contribution (b)
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must make because the ratio between (b) and (c¢) must be the same as it
wpuld be if the Y were not in the diagram, about 2.5. Thus, from the data
in table 4.2, we deduce that if the V¥ couples to a photon (a) contributes

67% to the width of the Y, (b) contributes 18%, and the leptonic modes con-

tribute 15%, neglecting possible interference terms between (a) and (b).

To test this hypothesis we want to compare the ratio of all pion
final state cross sections to M pair cross sections on- and off-resonance

we compute the ratio ®, defined by

U] 3.0
Inm onm
o = T —3—‘—0" Py (4.5)
o] o "
uu o

where data at 3.0 GeV are used as the off-resonance sample. Values of

a for three to seven pion production are shown in fig. 4.8 r4.16,]. The
results are consistent with all of the evennumber of pion~production G
even, I odd) coming from the intermediate photon decay, fig. 4.7. Most of
the odd pion production comes from the direct V¥ decay, fig. 4.7 and the V
appears to decay directly into a pure IG = (even) state.

It is relatively easy to show that I=0 using the data in table 4.2.

+ -
One way is to compare wé-poﬂp and ¥ > p T . For this decay either I=0
of I=2. 1If I=0, then T =T , whereas for I=2,T = 4 . The
o_0 - (3o} + -
pm pm oM o' T
data indicate thatT 0o =(1.20 0.26)F+ _, strongly favoring I=0. These
o p'm

properties, the coupling to photon pairs via a photon, the conservation of
isospin in direct decays, and I=0, are just the properties we expect of a
state of charmonium.
4.4.3. 8SU(3)

If the Y is a state of charmonium, then we expect it to behave as a

singlet with respect to the approximate SU(3) symmetry of the three
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lighter quarks. TFor each SU(3) multiplet there is a generalized charge con-
jugation,%%f'which is equal to C of the I=0 part of the multiplet. If the
Y dis an SU(3) singlet, then it cannot decay into two mesons with the same

Eb.27].

If we consider the well established pseudoscalar (P), vector (V),

and tensor (T) meson multiplets, then decays to PP, PT, VV, and TT meson
pairs are forbidden, while decays to PV and VT pairs are allowed. Ex~
amining table 4.2 for decays involving K, K*(890), and K**(IAZO), we find
that in each case the allowed modes are observed and the forbidden modes

are not. In particular note that

-%
TR 3 (4.6)
I (KK)
and
IeR) , 55 . (4.7)
I (KR)

It is not true in general that heavy particles do not decay into two
pseudoscalars. The x(3415) decays into both ﬂ+ﬂ— and K+K_ with branching
fractions of about 1%.

For the two allowed modes, PV and VT, we can proceed one step further
and ask whether the branching fractions to individual channels are in accord

with SU{(3) symmetry. In the PV case, per channel,

T(rp) : @K i T(n$) (4.8)
should be
1.0 : 1.0 : 0.48 . (4.9
Correcting for phase space (4.9) becomes

1.6 : 0.84 : 0.36 . (4.10)
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Normalizing pr to unity the data from table 4.2 are

)

1.00 T 0.14 : 0.41 % 0.05 : 0.27 T0.16

Dividing by the predicted ratios (4.10), we obtain

1.00 + 0.14 : 0.49 f0.06 : 0.75 % 0.44

(4.11)

(4.12)

*
Thus T(pm) is about a factor of two larger than expected from T (KK ).

For the VT decays, we expect, per channel
* k%
F(pAz) : T(®K ) : T@f") : T(ef)
to be
1.0 : 1.0 : 1.0 : 1.0
Correcting for s-wave phase space (4.14) becomes
1.0 : 0.90 : 0.78 v 1,01

Normalizing pA, to unity, the data are

2
1.00 ¥ 0.56 : 1.20%0.46 : 0.29 ¥ o0.18 : 1.00F 0.36

Dividing by the predictions, (4.15), we obtain
1.00 T 0.54 : 1.33+t0.51 : 0.37 Y 0.23 : 0.99 % 0.36

* k%
In this case there is good agreement between PA_,, K K and wf.

2’

(4.13)

(4.14)

(4.15)

(4.16)

(4.17)

of' is

low, but itspredicted rate is sensitive to the assumption of s-wave phase

space.

Thus, in general, the ¥ does appear to behave as an SU(3) singlet.

Allowed decays are observed and forbidden ones are not. Decay rates are

: *
roughly correct, but the discrepancy between mp and KK indicates some

SU(3) breaking.

Although we have not yet discussed their decays, this is probably

the best place to make a few remarks on the SU(3) properties of other
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members of the ¢ family. The only evidence we have for the ' is that
thg deqiy to pp has been observed and is at least four timesilarger than
the decay to KK, which has not been seen. This indicates some inhibition
of the KK mode.

There are several ﬁredictioné for the x states undef the aésumption
that they are SU(3) singlets. These are listed 1in table 4.3. Although
the errors are large, there is no apparent deviation from the SU(3) pre-
dictions.

4.4.4, Tests of the OZI Rule

As we noted previously, the Y is narrow because all of its decays
are suppressed by the 0ZI rule. The decays § - wnrm and § ~ ¢ allow
the examination of this phenomenological rule further since the ¢mm
decay corresponds to a doubly disconnected diagram as illustrated in fig. 4.9a

and 4.9b.
From table 4.2

T (¢mm)

< +
T (wnm) 0.26 % 0.12 (4.18)

which gives an overall suppression factor of about four. However, this over-
all factor is quite misleading. To understand the dynamics better, we want
to . study the ratio in eq. 4.18 as a function of wm mass, which is plotted
in fig. 4.10. Above 1100 MeV/cz, there is only one observed ¢nmevent and
the suppression factor is of order 70. But below 1100 MeV/cz, there does
not appear to be any suppression.

One way this could occur is shown in fig. 4.9c [4.15]. Two pair of
ss quarks could be formed with only single OZI suppression. One pair

forms a ¢, the other a ss state near or below
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threshold for K pairs, for example the S*(993). Because of either phase
space , this state will be forced to decay into pions rather
than kaons.

Additional sfriking evdience for the 0ZI rule in { decays comes from
the decays into wf, ¢f', wf and ¢f'. The decays wf and ¢f' are observed,

while the similar decays wf' and ¢f are not. From table 4.2,

T(Y > wf)

W217, (4.19)
and

Ty ~ ¢f")

TR (4.20)

Assuming ideal mixing, the w and f are made up of non-strange quarks and
the ¢ and f' are made up of strange quarks. Thus the decays § >~ wf' and
Y > ¢f are doubly disconnected while the decays ¢ »>wf and Y > ¢f' are only
singly disconnected.
4.4.5. Radiative Decays

Recent data from DORIS [4.23,4.24] allow us to draw some interesting
conclusions from Y radiative decays to ordinary psuedoscalar mesons. The
decay ¢ > Yﬂo has a very small branching fraction, (7.3 47 x 10_5. The
decays % > ynand ¥ - yn have branching fractions which are around an
order of magnitude larger, (8.8 T 1.9) x 10“4 and (2.4 t 0.6) x 10_3 re-
spectively.

Three processes;which could account for these decays are shown in fig. 4.11.
In fig. 4.1la the photon is emitted fromthe light quarks. The SU(3) coupling
here is a singlet going to a pair of octets. From SU(3) we would expect Yno
to be three times yn. This clearly cannot be an important mechanism since

the Yﬂo branching fraction is very small.

The second mechanism (fig. 4.11b) is for the photon to be emitted from
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the charmed quark pair. This SU(3) coupling must be a singlet going to a
pair of singlets. This diagram should be completely dominated by yn' since

)

' is almost a pure SU(3) singlet, while the n is almost pure octet. If

N
this diagram is to account for all of the radiative decays, it is hard to
understand why the n to n' ratio is so largé.

This brings us to an interesting suggestion [4.28,4.29]. 1If there is
a small amount of cc mixing in the n and n' = (there can be no mixing in
the w° by isospin conservation), then the radiative decays can occur without
0Z1 suppression, as shown in fig. 4.10c. The data on radiative decays give
support to this suggestion. Additional support will be presented in the
next subsection and in section 4.5.2. where we discuss the P'-> yYn decay.

An interesting sidelight is that part of figs. 4.11b and 4.1lc can
be calculated by applying vector dominance to the decay ¥' - Yn, as shown

in fig. 4.12. This calculation gives a value which is am order of magnitude

too large [4.27,4.30]. This should at least caution us that the use of vector
dominance to extrapolate in q2 from zero to m$ dangerous.
4.4.6. Is Anything Missing?

With all of the data that have now been collected on y decays, it is
interesting to determine to what extent we can account for all of the y
decays. To do this we employ a statistical model to uniquely predict branching
fractions for all charge states of a channel, given the observation of one
charge state of that channel [4.15,4.31]. We assume that isospin is conserved
in ¢ decays so that the final state has 1=0. The only exceptions are states
consisting solely of even numbers of pions. As discussed in section 4.4.2.,
these decays proceed via a second-order electromagnetic interaction and we
assume that I=1 for these states.

The results are given in table 4.4. By using present measurements and

the statistical model, we can account for 53.2 t 3.4% of ¢y decays. Three
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types of decays have nct been included in table 4.4 because there are no
measurements of them: (a) decays with higher multiplicities, (b) decays

involving photons (other than Yﬂo, yn, and yn'), and (c) decays involving

n's and n''s (other than ¢n and ppn). By using smooth multiplicity curves
we can estimate the first class to contribute about 67%. The decay

L (83 - S LS QTlay

Y - vX(2830), which we will discuss in section 4.7, contributes less than
1.7% and radiative decays to ordinary hadrons should not contribute more
than an additional 27%. Adding all these contributions together, we can
account for no more than 63% of the ¢ decays. This leaves 377% of all de-
cays (or 43% of hadronic decays) which can be accounted for only if they
contain an n or n'.

Additional evidence for a substantial fraction of Y decays containing
n's comes from the yy group at Adone [4.7]. They have determined the
average number of charged particles in ¥ decays to be 3;8 T 0.3 and the
average number of photons to be 6.2 T 1.6. Since the ¥ has I=0, there should
only be 3.8 photons per decay from direct %'s.  If we assign the excess
2.4 T 1.6 photons per event to n production, there are an average of
0.9 ¥ 0.6 n's per decay.

Detectors with high resolution photon detection will be operational
soon and be able to measure n production directly. A large fraction of
decays with n's would support the hypothesis of cc mixing in pseudoscalar
mesons [4.29].

4.5. Decays of the '

4.5.1. Table of Results
There are four classes of ' decays which we will discuss:
(a) V' - ¥ decays, (b) second-order electromagnetic decays, (c) direct

decays to ordinary hadrons and (d) radiative decays to intermediate
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states (x states). Table 4.5 contains a compendium of world measurements
of these decays.
4.5.2. ¢' > ¥ Decays

The ¥' decays over half the time into the Y. These decays have now
been measured at both SPEAR [4.32,4.34-4.37] and DORIS [4.38,4.39] with
consistent results from both laboratories. Some of the experimental tech-
niques were discussed in I.6.8.

There are three important conclusions to be drawn from the measurements
of ' > y decays. First, the ' and ¢ are closely related. There is much
more phase space for ¢' - wrr than for ¢' - ynm, yet the branching fraction
for the latter decay is more than two orders of magnitude larger than that
for the former.

Second, as expected for a state of charmonium, isospin is conserved
in the decay and is equal to zero. This can be seen from~the ratio of the
wwoﬂo mode to the wﬂ+ﬂ_ mode which is equal to 0.48 * 0.09. Correcting
for phase space, we expect this ratio to be 0.52 for I=0, 0 for I=1, and
2.1 for I=2. Additional evidence for isospin conservation comes from the
observation of V' - ¥n but not P' - wﬂo. The latter decay is not observed
at the level of 3% of the former and it is inhibited only by isospin.

The third conclusion has to do with the only real surprise in the
Y' - ¢ decays, the size of ¥' > Yn. This decay is quite large -- it is
about a 4% branching fraction -- even though it has everything working
against it:

1) There is little phase space; the Q value is only 40 MeV.

2) This is a P-wave decay, so there is an angular momentum barrier.

3) The decay is SU(3) forbidden in the limit that the n is pure

octet.
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We have already discussed a way out of these difficulties. If there is
some cc mixing in the n, ¥' > Yn is no longer OZI suppressed and its
lérge g;anching fraction can easily be understood.
4.5.3. Second Order Electromagnetic Decays

The argumenfs of section 4.4.2. which wére applied'to the y apply
equally well to the ¥'. The branching fractions to e+e_ and to u+p_ are
each about 1%. Therefore the branching fraction for hadrons produced via
an intermediate photon (fig. 4.7b) should be about 3% since the non-resonant
value of R in the vicinity of the ' is about 3.
4.5.4. Direct Decays to Hadroms

Few direct decays of the y' to ordinary hadrons have been observed
and only two modes, pp and K+K—ﬁ+ﬂ—, have been measured well. This is
partially because the direct decays are usually masked by a large back-
ground of §' > ynw decays and partially because not enough effort has
been expended on finding these decays. Both the pp and K+K—ﬂ+ﬂ- modes were
measured in the process of working on y decays.

Nevertheless, these two modes given us a considerable amount of infor-
mation on direct V' decays. Table 4.6 shows a comparison of y and P!
decays to these two modes and to lepton pairs. For all three decays the

ratio of the y' to ¢ partial widths is equal within errors. This can be

understood if

I (hadrons) « |¥(0)]2 (4.21)
where ¥(0) is the wave function at the origin [4.45]. A heuristic argument
for eq.(4.21)is that the annihilating charmed quarks are heavy and so the
interaction is fairly local.

If we assume the validity of eq.(4.21L then the branching fraction

for ' direct decay to ordinary hadrons is about 9%.
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4.5.5. ¥' > yx Decays

If we consider the ¥ as the triplet S ground state of charmonium and
the y' a radially excited state of the ¥, other states should exist which
éouldq%e reached by radiative transitions from the y' [4.46—4.49]. The
expected scheme is shown in fig. 4.13. There are three triplet P states
and two singlet S states. The states above4the U] could decay radiatively
to the ¥ or could decay directly to ordinary hadrons. As will be discussed
below, the P states are now well established. There are also candidates
for the two pseudoscalar S states, but they are in need of further experi-
mental confirmation.

The ' » yx decays have been detected by three techniques: 1) by
detecting the hadronic decay of the Xx's, 2) by detecting the { and one
or both of the cascade photons in ¥' - vx =+ vvyy, and 3) by detecting
monochromatic photons. We shall now discuss each of these techniques in
turn.

X Decays to Hadrons

These decays are detected by finding events in which the missing mass
recoiling against all of the observed charged particles is consistent with
that of a photon [4.50] . 1In general there is insufficient resolution to dis-

tinguish between a photon and a wo, but fortunately ¢'decays involving a single

m° occur infrequently enough that they arenot a severe Backgrbuﬁd.

Figure 4.14 shows x mass spectra obtained by this technique after a
one constraint fit has been performed [4.44]. Figure 4.l4a shows the data
for x » 4ni. Here events with masses above 3.60 GeV/c2 are consistent with
the second order electromagnetic decay y' =+ 4m. There are three other clear

peaks at masses of about 3415, 3500, and 3550 MeV/c2 each of which we identify

with a x state.
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Figures 4.14b, 4.l4c, 4.14d show the mass plots for x decays to
K+K—ﬂ+ﬂ—, 3ﬂ+3ﬂ—, and ﬂ+ﬂ_ or K+K_. The same three states are found
in thefe plots, but not as clearly in all cases. In the K+K_w+n— mode
the x(3510) is weak. In the 37 31 mode
the x(3510) and x(3550) are not resolved. In the ﬂ+v— or K+K— mode, the
x(3415) is quite clear and there are eleven events in the vicinity of the
x(3550) with an estimated background of only two or three events. There
are only two events in the vicinity of the x(3510) and these are consistent
with backgrounds. These decays into two pseudoscalars will be important
when we consider the spin assignments of the x states in section 4.6.2.

X Decays to vy

Two methods have been used to detect the §' -+ yx - yy¢y cascade. In
both methods the ¥ is observed in its muon pair decay, so that the final
state corresponds to y' - vy,

In the first method, which has been used in the SPEAR magnetic de-
tector, one detects u+p— and observes a conversion of one of the photons
in the 0.052 radiation lengths of material surrounding the beam pipe [4.35].
A one constraint fit is then performed to the event. A computer recon-
struction of this type of event is shown in fig. 4.15.

In the second method, which has been used both at SPEAR [4.35] and at
DORIS [4.38], both photons are detected in shower counters and the angle
measurements are used to give a two constraint fit. This mgthod provides
worse resolution, But much higher statistics than the first method. It
will prove useful in section 4.6.2. where we discuss the angular distributions.

Whichever method is used, there are two solutions for each event since

one does not know a prioriwhich photon was emitted first. This two-fold
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ambiguity can be resolved by observing the widths of the reconstructed ¥
masses since the first photon will be monochromatic, while the second is
boppl;; shifted by the motion of the .

Figure 4.16 shows the yy masses obtained by the first method at SPEAR
[4.37]. There are four clusters of events.. The x(3510) and ¥(3550) are
clearly visible and the two-fold ambiguity is resolved in favor of the
higher mass states in agreement with the observation of x's from their
hadronic decays. There is a single event consistent with coming from the N
x(3415).

The new element in fig. 4.16 is the cluster of four events at 3454 MeV/cz.
Since the expected background in all of fig. 4.16 is only one event, it seems
unlikely that this cluster is due to background. Nevertheless, these four
events are the only evidence for this possible state; it clearly is on
shaky experimental ground and badly needs confirmation.  We shall tentatively
dub it the x(3455) and discuss it, but the reader is forewarned of its
weak status.

The latest data from DORIS [4.39] show the same pattern as fig. 4.16,
but with fewer events and worse resolution. There are five events at the
x(3510), one event each consistent with coming from the x(3415) and x(3550),
and one event ambiguous between the x(3510) and the x(3455)

Monochromatic Photons

In order to measure the branching ratio for ¥' -+ yyx, it is necessary
to detect the monochromatic photons. Two measurements of this type have
now been performed. The first comes from the magnetic detector at SPEAR [4.37].
Photons were detected by observing conversions in the material around the

beam pipe. For low energy photons, the rms energy resolution is about 2%
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for this technique. Photon energy spectra from ¥ and ¥' decays are shown
in fig. 4.17. A peak is seen in the y' spectrum at 261 MeV, corresponding
Lo the x(3415). The branching fraction for V' - vX(3415) from these data
is 0.075 T 0.026. The other X states correspond to lower photon energies
and are not visible bécauseof fapidly falling acceptaﬁce in this region.

A special experiment was conducted at SPEAR to search for monochromatic
photons by a collaboration from Maryland, Pavia, Princeton, San Diego, SLAC,
and Stanford (MPPSDSS) [4.25]. Arrays of large Nal crystals were used to
detect the photons with about 5% rms energy resolution. The data from V¥ and
Y’ decays are shown in fig. 4.18. There are no significant peaks in the V¥
spectrum, but four clear peaks are apparent in the ¥' spectrum. The first
three correspond to the x(3550), x(3510) and X(3415), and the last is from
the Doppler broadened photon in ¥(3510) - vy decay. The branching ratios
for Y'»yx are 0.072 * 0.023, 0.071 * 0.019, and 0.070 t 0.020 for the
X (3415), X(3510), and X(3550), respectively. The branching fractions for
V' > YX(3415) determined by these two experiments are in excellent agreement.
4.5.6. Is Anything Missing?

Two years ago, before the X states and direct ¥' decays were found,
there was a large fraction of ' decays that could not be accounted for [4.33].
It is now interesting to ask whether the situation has been rectified. The
accounting is given in table 4.7. We can account for (89 t 9)% of the V'
decays. There is still room for new decay modes but they are no longer

mandated by the data.

4.6. ¥ States

4.6.1. Masses and Branching Ratios
Table 4.8 lists the mass determinations of the X states. The average

values are 3413 + 5, 3454 F 7, 3508 + 4, and 3552 t 6 MeV/c? |



- 36 -

Tables 4.9, 4.10, and 4.11 give a compendium of x branching ratios.
4.6.2. Spins and Parities

e

Although we have not explicitly determined the spin of any of the
X states, we now have enough information to give an experimentally pre-
ferred assignment under the mild, but powerful, assumption that we are
dealing with the low lying states of a fermion-antifermion system.
We will assume that the possible spin-parity states are those shown
I - ot Lt + .
in fig. 4.13, 0, 0 , 1, and 2 . We shall then go through a series of
arguments which will exclude certain spin-parity assignments for certain
states. At the end, if we make the additional assumption that each of the
four spin states should be assigned to one of the four X states, we obtain
a unique solutiomn.
The first piece of evidence for spin assignments comes from x decays
+ - + - . pc
to two pseudoscalars, m m or K K . The possible J states for two pseudo-
= v .
scalars are 0 , 1 , 2' ', etc. The x states have even C since they are reached
by radiative transitions from the Y'. Therefore any X state which decays to
+ - + - P + . . P
77 or KK must have J* = 0, 2, etc. 1In fig. 4.14 there is overwhelming
_ + - +,- ) .
evidence that the X (3415) decays to ™ T or K K and there is strong evidence
+ - + -
for the x (3550) decay tom™ ™ or KK .
The other technique which can be used to determine X spins is a study
of angular distributions of the photons. The most information comes from

the ¥' > yx > YY¢‘+YYUU cascade [4.51-4.53]. There are five independent

angles as illustrated in fig. 4.19. For spin 0, the distribution is unique,
T 1 2 2 1
W@, ¢, 0, 8", ¢') = (1 + cos™®) (1 + cos"8") . (4.22)

For other spins, the distirbutions are quite complex and depend on which

multipoles are excited. A study has been made at SPEAR of these distribu-
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tions for the X (3510) using the second method of detecting cascade events
discussed in section 4.5.5. [4.21]. Preliminary results indicate that the
obser®ed distributions completely exclude spin 0. Work is now in progress
to determine whether spin 1 or 2 is favored and which multipoles are involved
in the decay. .

The DESY-Heidelberg collaboration has also concluded that the x(3510)
spin is not zero by just studying the ® distribution [4.54].

The angular distribution of the photon in the production of the X(3415)
and the ¥X(3550) has been studied in x> 47 and X > K+K_W+ﬂ_ decays L4.44],

Figure 4.20 shows the & distributions when x's are detected in these modes.

The angular distribution must be of the form

WE) « 1 +a cosze, (4.23)
and from eq. (4.22), o = 1 for spin 0. Fits for a to all of the data for

all hadronic modes give [4.44].

o = 0.3 T 0.4 for x(3550), (4.24)

¢ = 0.1 % 0.4 for x(3510), (4.25)
and

a = 1.4 % 0.4 for x(3425). (4.26)

Thus, the X (3415) is consistent with spin 0, but the X (3550) is inconsistent
with spin O to about two standard deviations.

All of these arguments are summarized in table 4.12. A number of con-
clusions can be drawn: Without any assumptions, none of the three well
established states: ¥ (3415), x(3510), or x(3550), can be pseudoscalar.

Also if the X (3550) has a spin below 4, its spin-parity must be 2+. 1f

we assume that the four candidate spin states each correspond to one of the
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four X states, there is a unique assignment:

State

X(3550) 2*

x(3510). 1t .
x (3445) 0

¥ (3415) 0"

Note that the X(3455) has been assigned to be a pseudoscalar, not be-
cause we know anything about it, but because that was the only slot left.
There are other possibilities. Jaffe suggested that this state could be
an exotic [4.55] and Harari suggested that it could be a singlet D state,
3FC = 27 [4.56].
4.6.3. Comparisons to Theoretical Models
The data on P states appear to be in reasonable agreement with most
charmonium models. First, the order of the states is correct. In all models
the 2+ state should be heaviest and the O+ state should be lightest. Second,
the ratio of V' - YX partial widths is in agreement with the simplest assumption:

that they should be proportional to the phase space factor for dipole transi-

tions. We expect:

(¥' > x(3550)) : (P' > X(3510) : X(¥' > X(3415)
= Sk3 : 3k3 : k3
= 1.0 [ 1.4 : 1.6 . (4.27)

i

where k is the available momentum and the coefficients are spin factors.
With large errors the observed values are:

1.0 : 1.01 : 1.04 . (4.28)
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The x(3510) has a larger branching fraction to Yy than either the
x(3415) or x(3550), presumably due to a suppression of ¥(3510) - hadrons.
This bghavior was expected for the 1+ P state in models in which C-even states
decay to hadrons via two massless vector gluons (4.57]. Since a spin 1
particle cannot décay into two massless vectér particleé, these decays are
suppressed.

The assignment of the y(3455) as the né appears to be in strong dis-
agreemnt with models where it decays via two vector gluons. Chanowitz
and Gilman [4.58] point out that the matrix element for ¥' + Ync is related
to that for hé + yy. From this they conservatively deduce that the total
decay width of the x(3455) is at most a few tens of keV whereas one expects

a width of several MeV in these models.

4.7. The X(2830)

Two experiments at DORIS have reported evidence for a state at about
2830 MeV/c2 which is detected in the sequence% > YX = YYY [4.24,4.59 ] .

Only the photon angles are measured and a one-constraint fit is performed.
Backgrounds are ¥ + yn, ¥ > yn', and radiative (non-resonant) two photon pro-
duction.

The highest yy invariant mass for each event is plotted in fig. 4.21,
along with a curve showing the expected events from radiative two photon
production and reflections from yn and yn' decays. The peak around 2.83 GeV/c2
contains 30 events with 14 expected from backgrounds. This corresponds to
about a four standard deviation effect.

No experiment at SPEAR has been sensitive to the three photon mode.

Originally, it was reported from DORIS that ¢ - yX > Ypﬁ'with a branching fraction of



- 40 -

about 2 x 10_4, based on the observation of two events [4.38] . This result
was later withdrawn [4.39], but in the meantime a search was made for the
pp decay mode in the SPEAR magnetic detector (4.20]. The background is
¢+~p5ﬂo since a w? and photon will not be completely separable by missing
mass. The data are shown in fig; 4,22, There is no sign of thé X(2830)
and an upper limit on the branching fraction fory »yX-> YPpp can be set at
4 XIO—S. Searches for X(2830) decays into other hadronic modes have all
been unsuccessful, but none of the limits are small enough to cast doubt
on the existence of the X(2830).
The status of the X(2830) and the x(3455) are quite similar. We

have enough evidence to take these state seriously, but not enough to

conclusively establish them. Confirmation of both is badly needed.

4.8. Summary

In the two and one half years after the discovery of the Y, we have
learned a great deal about it and its relatives. In some cases we understand
a state of charmonium better than its analogue in light quarks. An attempt
to summarize as much of this information as possible on one page is made
in fig. 4.23.

As we look to future work in this field it is clear that a great
deal of it should and will go into understanding the structure of the char-
monium states in the 4 GeV region and into studying the spectroscopy of
charmed particles. There is, however, more work that should be done on ¥
and §' decays. Below is a list in no particular order. Some of these
items can be worked on now, others will have to await better detectors.

1) The status of the 0 states is clearly the outstanding question.
The masses and transition widths to these states are crucial parameters for

charmonium calculations.
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2) Although we now have a preferred set of x spin assignments, it
is important to determine the spins directly without imposing assumptions
én thg\possible values.

3) There is still a missing P state, the singlet 1+_ state. The
best way of finding it may be in the x(35505 -> Y1+— décay. -

4) The direct Y' decays to ordinary hadrons needs much more study.

5) The suggestions that there is cc mixing with the lighter quarks
in the pseudoscalar states should be followed up. We have seen evidence
for it in radiative ¥ decays and in the rate of ¥' - yn. Inclusive and
exclusive state studies of n and n' production in ¥ decays would be
useful for the further study of this possible mixing.

6) Finally there is a great deal of bread and butter physics to be
done. We can image mega- and multimega-event runs with powerful second
generation detectors. Systematic measurements of all ¢ and ¥' decay modes
from these data could have three separate objectives:

a) To study the dynamics of charmonium annihilation.

b) To study ordinary hadron spectroscopy from a new per-
spective. In section 4.4.3, we saw that ¢ decays to PV
and VT mesons were allowed and that all channels were pop-
ulated approximately equally. The scalar (S) and axial vector
vector (A+, AT) multiplets of ordinary mesons are not well
understood yet. By studying the allowed VS, VA+, and PA~
Y decays we may gain new insight into them. Note that the
possible ¢S* decay discussed in section 4.4.4. is a VS
type decay; by SU(3) all the others should be present too.

c¢) And finally, to look for surprises which may provide the

germ of the next level of understanding.
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5. CHARMED MESONS PRODUCED IN e+e— ANNIHILATION

The theory of the quark structure and the decay properties of
charmed mesons is discussed in sections 5.1 ~ 5.3. Section 5.4 gives a gen-
eral description of the experimentgl detection of the D mesons in e+e_ annihila-

-

tion. Present measurements of all the masses, decay modes, spins, and production
cross sections of the D mesons are given in sections 5.5 and 5.6. This chapter
concludes with a discussion of the inclusive K spectrum above and below the charmed
meson production threshold, section 5.7, and with a brief description of searches

for -F mesons and charmed baryons, section 5.8.

5.1. The Quark Structure and Masses of Singly Charmed Hadrons

The discovery of the charmed D mesons, which is recounted in this
chapter, is a beautiful confirmation of another prediction of the charmed quark
theory [5. 1, 5.2], a theory which originally seemed tentative and abstract.
In this section we describe the quark structure of the singly cﬁarmed mesons
and baryons.

In quark theory, mesons consist of a quark-antiquark pair, the ordinary
mesons being made up of a quark- antiquark pair selected from the non-charmed
quarks u, d, s (table 2. 1); and the ¥ family consisting of a cc pair. The ex-
tension of this concept to a pair consisting of one u, d or s quark and one c (or
the charge conjugate)Aleads to the prediction of eharmed mesons. Table
5.1 presents the structure and internal quantum number of the pseudoscalar

(D and F) and vector {(D* and F*)families of charmed mesons [5.>l ]. It is in-

teresting to look at the SU4 pseudoscalar multiplets, fig. 5.1, which contains

the D, F, and nc as well as the ordinary pseudoscalar mesons. We
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note that the D and D* mesons have been found and studied in ‘e+—e— annihila-
" tion eveamts, but as this review is being written no evidence for the existence of
F mesons has been found in any experiment,

Turning to the baryons , we can construct them with a to’ca_l of one, two or

three charmed quarks, but we shall consider here only the singly charmed baryons.
Table 5.2 gives some of the properties of the spin 1/2 singly charmed baryons.
which are predicted [5.1, 5.2, 5.5]. Evidence for the existence of a chafmed
baryon has been found by B. Knapp et al.[5.3] and by E. G. Cazzoli et al [5.4]

at proton accelerators, But as of this writing, no direct. evidence has been
found in e+e_ annihilation events.

The mass of a charmed hadron, M(hc)’ is given by

M) =Zq:m at MMsp1it ©.1)
where Z mq is the sum of the effective quark masses and very. crudely gives
q
the mass scale of the charmed hadrons. Am . is the correction to Zm
split q

which depends on the angular momentum and spin configuration.

We can obtain a crude set of quark masses by using the approximate

relationships
n,o=m, = 1/2 o mass (5.2a)
m = 1/2 ¢ mass (5.2b)
m_ = 1/2 § mass » (5.2¢)

to construct table 5.3.
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From table 5.1 and table 5.3, this crude theory predicts m N 1.94 GeV/cZ,
which is close to the experimental values for the D and D* mesons. It pre-
dicts.the F and F* mesons should be heavier, Ly n 2.06 GeV/cz. The lowest
lying charm baryoms, the AC and Ec should have masses near 2.33 GeV/c2
Thorough discussions Qf the theory of charmed hadron masses occur in the
classic paper of De Rdjula et al., [5.5], and in the review paper of Jackson
[5.2].

We have discussed here only the lower mass states of the singly charmed
hadrons. Clearly, as with ordinary hadrons, higher and higher mass states can
also exist, Indeed, now that we know that the D mesons exist, we are confident
that higher mass states must exist. Hence, while the data which are discussed in
this section cover - only the lower mass states, we should remember that we
are probably looking at only a small part of an elaborate and extensive family
of particles —a family as rich in structure as that of the ordinary hadrons.

Having discussed the nature of the charmed mesons, we discuss next
their decay properties. We discuss first the decay of the lowest mass states,
that is, those charmed mesons which energetically can only decay to
ordinary mesons.

5.2, Weak Decay of .Charmed Mesons to Ordinary Mesons

The basic postulate of charm theory is that charm, like strangeness, is
conserved in strong and electromagnetic interactions. Hence the decays of the
charmed mesons to ordinary mesons are expected to occur only through weak
interactions. A simple way to understand the decay of these mesbns is to consider
the decay properties of the constituent quarks.

The conventional Weinberg-Salam weak interaction theory applied to the

quarks [5.1, 5,2] divides them into two doublets

(a) (o) 5. 5)

’
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where

d*=dcos 8 -ssin 8 , (5.4a)
c c

s'=dsin § +scos 6_; (5.4b)
c c

and 6_ is the Cabibbo angle [5.6]
sin Gc x~ .23 (5.5)

The two doublets, eq. (5_3a>, combined with the two conventional lepton

v v
u e
m e

have a 4-fermion interaction given by

doublets

) (6. 6)

H =—S- (@ +J)J +J

h

Here J and Jh are the leptonic and hadronic weak currents. Following

Jackson [5.2], it is useful to sort out the particle content of HW“ We obtain [5.6] :

charged leptonic current

c——— —
Jﬂ—vee+vu v 5.7a)

neutral leptonic current
- L3 -
J )= VeV v Vu ee - Uu (5.7b)

charged hadronic current

Ji =cosf (Ud +os) +sin 0 @s -cd) 5. 17¢)

neutral hadronic current

Jllj=5u+€c—a_d——s_s 6.7d)
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We note that the strangeness changing charged hadronic current (us) is sup-
.pressed relative to the non-strangeness changing term (ud) by the factor

sin 0c/cos Bc; and this is the basic reason for the introduction of Gc° We also
note that there is no strangeness changing neutral hadronic current; iand this

is one of the basic reasons for introducing the charmed quark,

Concentrating our attention on the charm terms in eq. (5. Tc), we observe
that the weak interaction decay amplitude for the ¢ quark going to the s quark
is proportional to cos 00 , whereas the amplitude for ¢ going to d is proportional
to sin ec. Since the ratio cos2 (90/sin2 90 =~ ,05, almost all decays of
D or D* mesons will contain an s quark and hence a K meson,

There is a nice way, fig. 5.2, to represent these considerations pictorially
using the hypothetical intermediate boson Wi, fig. 5.2. Figures 5.3a, b, and ¢
show Cabibbo allowed weak decays of the D° to K_7r+, K~ + hadrons, and the
semi-leptonic final state K~ + e+ +v From fig. 5.3, we e);pect that some of

the prominent decays of the D° will be

hadronic final states K—7r+, K* '7r+, K-1r+7r_7r+,
—_0 + -
K, Ko n 5.8a)
. I -+ -t
semi-leptonic final states K e Vg K*~e Voo
-+ +
Ku v, K*“u v

. (5.8b)

Indeed we expect that the semi-leptonic branching ratios should be similar in
size to the branching ratios to individual hadronic final states. Hence the semi-
leptonic decays of lowest state singly charmed mesons are an important sig-
nature for the charmed origin of the leptons, section 5,7 and chapter 6.
The decay of the D' meson will also be dominated by the production of a

- = =0 + -+ + +
K or KO; hence some prominent decay modes are K°r" and K 7r+7r . The D —
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K_7r+1r+ is an important signature for charm because such a decay is forbidden
if the D;'- consists of ordinary quarks, namely su, However, for ordinary mesons,
the decay M' —» K r'r " is exotic but the decay M' —» K = n" is allowed.
Therefore, if the K_7r+7r+ mode is detected and the K+7r—7r+ is not detected, this
is strong evidence for charm,

The decays of the F meson to ordinary mesons can be understood in a
similar way. The decay of the F mesons' ¢ quark to an s quark leaves an s

and s in the final state. Therefore, prominent decay modes should be

Fr—K®°, k1 ..... (5.9a)
Another decay mode
Pt (5.9b)

may also be prominent if the s and s form n.
The total hadronic decay width of the D can be estimated using figures
5.3a and 5. 3b; and taking the probability of the (u +d) system to decay to hadrons

to be about 1, Then the rate is given simply by the weak decay of the c quark.

¢c—>s+u+d (5.10a)
analogous to muon decay
h — v, te +v, (5.10b)

Putting in a factor of 3 for color,

5

e 4 - 11 -1
liotal® ~ hadrons) = 3———m“ cos eéf(u—.vueve)~9 X107 sec (6.11)
Gaillard et al. [5.1] multiply by an enhancement factor which increases I~

total
(D — hadrons) to 1013 sec_l. Calculations [5.1, 5.2] of partial decay rates for
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the states discussed above have varied from a few percent to tens of percent.
Table S. 4 gives some recent calculations [5.7].

We turn next to the decay of the higher mass singly charged mesons which
are not limited to weak interaction transitions.

5.3. Strong and Electromagnetic Decays between Charmed Mesons

Strong and electromagnetic decays of singly charmed mesons to lower mass
singly charmed mesons can obviously occur if charm and strangeness are con-
served in the decay. Consider the D° and D*0, taking the mass of the D*0 to be
greater than that of the DO, as has been found by experiment, section 5.5, Then

we expect the electromagnetic decay
D¥0 — D%+ y ; (5.11a)

and since the mass difference is sufficiently large, section 5.5, also the strong
decay

D*0 —»D° + 7° (5.11b)

Both decays have been detected, section 5.5. The strong decay
D*+ —» 7" +D° (5.11c)

has also been found, section 5.5.

Our present picture of the charmed mesons is thus analogous to that of the
ordinary mesons. The higher mass states decay by strong and electromagnetic
interactions and will increase in width as their mass increases. The lowest

lying states must decay by weak interactions and will have narrow widths char-

acteristic of weak interactions,
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5.4, Production and Detection of D Mesons in e+e_ Annihilation

The search for D meson production in e+e— annihilation was based on three
predicted characteristics of the D's. First, since they must be produced in pairs
to conserve charm, the energy range for the search should begin at the ¢ and ex-
tend into the 4 < Ecm < 5 GeV region. Second, narrow resonances in Km, K,
Krnm will be the signature. Third, the branching ratio into a particular mode may
be less than 5 or 10%, hence large statistics are needed. Indeed, an earlier
search [5.8] using 10,000 hadronic events at Ecm = 4,8 GeV did not find the
D's. Finally, in a sample of 29,000 hadronic events of the SLAC-LBL Magnetic
Detection Collaboration in the energy range 3.9 < Ecm < 4.60 GeV, narrow in-
variant mass peaks with an average mass of 1.865 GeV/ 02 were found by G.
Goldhaber and F. Pierre in the neutral states [5.9] Ki-n; and Ki_’IT;‘IT-*-’IT—,
fig. 5.4. We show next that it is very reasonable to interpret these sytems
as decay modes of the p°.

The narrow widths and presence of K's are two arguments for believing that
these are the decay modes of the charmed D° meson. A further argument
[5.9] comes from fig. 5.5, the spectra of the masses recoiling against the Kr

and Krnm systems. The lower limit on the observed masses of the recoil systems

is about 1,87 GeV/cz, Hence the D° production is consistent with

+ -
et +e—>D%+Xx° (5.12a)
where
m 2 m , (5.12b)
x° p°

so that the recoil X° system can always contain a D° mass particle. A final
argument [5.9] is that the threshold for production of the K7 and Krwrm systems
is above 3.7 G,eV/c2 since no Kr or Krnm signals were found in very large y and

P samples.
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-+ +
Similar evidence [5.10] has been found for the K'm m decay mode of the
+
D™ at a mass of 1.876 GeV/c2 in a sample of 19,000 hadronic events produced at
Ecm =7%.03 GeV, fig. 5.6. A strong argument for the charm explanation of this
- 4 -

decay mode is that there is no signal in the non-exotic K+ﬂ—ﬂ+ system. And
again the masses'of the recoil system are above 1.87 GeV/cz, as. is required
by the charm explanation. The assignment of the Kr, Knmn systems and the Knumw
system to the same D isospin doublet is reasonable for five reasons: The
masses are similar, all the widths are narrow, all the decays contain K mesons,
the recoil mass spectra are similar, and the charm theory predicts such a
doublet.

An important step in confirming the existence of the D and perhaps other
charmed mesons was the discovery of electroms which must come from
the semi-leptonic decay modes of these mesons (see eq. (5.8b)). This subject is
discussed and the references given in section 6. 6 because it must be considered
in conjunctiﬂon With a discussion of heavy lepton sources of electrons.

Another teét of thé,gﬁérﬁ éxpiaﬁétion of thé‘b mesons ié to see
if the decay of the D° is indeed weak and hence violates parity conservation, First
we note that the final state in the decay D° —»Ki 77 consists of two pseudoscalar
mesons and hence has a natural spin-parity, J P_ O+, 1, 2+, .«. but the spin-
parity of the final state in Di-—» K*vriwi can be studied via a Dalitz plot. It is

found [ 5.11] that for this state JP isnot compatible with 17 or 27, We also note

+ .
that a three pseudoscalar final state cannot have J P 0 . Hence assuming that
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the Do,Di are an isospin doublet, we find parity conservation is violated in the

decay qf the D.
In order to learn more about the D meson family, we turn to a detailed
%
study of the D to D decay and the recoil spectra against D mesomns.

5.5. Masses, Spins, and Decay Modes of the D Meson Family

* E NN
The only D decay which has been directly observed is D *'Doﬂ+. The

SLAC-~LBL collaboration has observed this decay at an average Ecm of 6.8 GeV,
+
where the m has enough momentum to be visible in the detector [5.17].
. *+ o .

Figure 5.7 shows the D — D" mass difference.

There are four important features of this decay:

1. The restrictive kinematics of the decay caused by the very small Q

o+ L

value leads to an extremely accurate measurement of the D ~ D° mass difference,
which is found to be 145.3 * 0.5 MeV/cz. This measurement becomes an important

constraint in fitting the D recoil spectra, which we discuss below.

2. The kinematics also allow unusually good mass resolution, as can be
seen from fig. 5.7. We can determine that, at the 907 confidence level, the
full width of the D*+ must be less than 2.0 MeV/cz.

3. Finally the kinematics leads to an extremely background-free signal as
can also be seen from fig. 5.7. The improvement in signal to background in
detecting D*+ - Doﬂ+ > K-w+ﬂ+ rather than just p° *'K_n+ is about two orders
of magnitide and the event rate, for full acceptance is lower by only a factor
of four. Thus, this decay mode may prove important in studying charm particle

production from reactions on fixed targets, where background suppression is crucial

4. An added bonus in detecting this decay is that it provides clear

e

evidence against any large p° - p° mixing. In fig. 5.7 there is a clear signal
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in (K—ﬁf)ﬁ+ (fig. 5.7a) but at most a small signal consistent with background in
+ =, + o . o e o

(K 'w)rm . At the 907 confidence level, the D decays as if it were a D

A(i.e:ato K+n_ rather than K—ﬁ+) less than 167% of the time. It is likely that

. o o .
any first order charm-changing neutral currents would produce D~ to D~ transi-

tions on a time scale considerably shorter than the Do_lifetime. Thus the

absence of large p° - p° mixing indicates the absence of first order charm
changing neutral currents.

The SLAC-LBL Collaboration has obtained the charmed meson production data
near threshold shown in table 5.5. The 4.028 and 4.415 energy
points were chosen because they are the peaks in the total hadronic cross section,
fig. 2.5, where clarmed meson production may be largest. The 4. 028 point is
also close enough to the threshold of D production to apply the theoretical analyses
of De Rﬁjula et al., [5.12] and of Lane and Eichten [5.13]. For simplicity we
base the following discussion on the former paper [5.12].

Figure 5.8 shows the expected level structure of the D and D* mesons and
the possible decays of the D* to the D. Therefore near threshold the simplest

0
sources of D are:

et +e”—>D° +D° (5.13a)
et +e”—D° + Do (5.13b)
et +e” —>D*0 +5°, px0 —»D° 4+ 1° (5.13c)
et +e” —D*0 +B°, px0 —p° 4 4 (5.13d)
e’ +e” —>D*0 + D*0, DxO—sp® 1 7° (5.13e)
e +e  —>D*0 4 D*0, D*0O—»DO + y (5. 13f)
e"+e —>p*t +D7, Dt — D% 41 5. 13g)
e’ +e —>D**t + D*~, p*+ >p° 4 7' (5.13h)

It is obvious that reactions 5.13a and 5.13b will give recoil mass spectra which
peak at the D® and D*© masses, respectively. It may not be so obvious that near

threshold the other reactions also produce peaks in the recoil mass spectra. That
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this is so can be seen by considering reactions 5.13c and supposing that the
energy.ds exactly at threshold for this reaction. Then the D*© and D° are pro-
duced at rest, and the recoil mass is simply
B ' (5 , VM2 .
m(DO-i— Tro)‘ = (mv + 2E m 4+ m ) B X m - (5.14)
»O -0 =0 _0 :
ko 19 i

Ay n

s [l t

Indeed, given sufficient statistics, we might expect a recoil mass spectrum with
many peaks.
However, as shown in fig. 5.9, there are just two strong peaks at about
2,01 GeV/c‘?‘ and about 2. 15 GeV/cz, and a possible very weak peak at about
1,87 GeV/czo A very reasonable explanation of these peaks is shown schematically
in fig.5.10. The 2.01 peak corresponds to the D*0 mass peak in reaction 5.13b
superimposed on the D+ 11'0, D° + v, and D™ + n reflection masses from re-
actions 5.13c, 5,13d, 5.13e, and 5.13g. This superpositio_n occurs because of the con-
fluence of two effects:
1. At Em =4,028 GeV, the reaction et +e —»>D*0 + D% is close to threshold
so that eq. 5.14 is approximately correct.
2, As shown below, the Q of the decay D*0 —> D%+ 7% is only afew MeV,
Hence

m(DO+7ro)zmo+mozm (5.15)
D ™ D*©

Similarly the 2.15 peak is a superposition of the reflection masses D*0 + 1° and
D*0 + vy from reactiods 5.13e and 5, 13f, respectively.

Quantitative fits to the recoil mass spectra have been made using the momen-
tum of the D° [5.14] and using the kinetic energy [5.15, 5.16]. This fitting pro-
cedure is difficult and only preliminary results are available [5.14, 5,15]. These

preliminary results are given in table 5.6. We make some comments on these

results:
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*0 o . : o}
D 7 + D" has just enough energy to produce the 7w .

This sup-
presses the strong decay of the D*0 so that the electromagnetic decay
is equally strong.

The D°D° pair production is barely observed, and the D°D*©0 and
D*0 D*© production are much larger, These results are not in

quantitative agreement with the predictions of De Rijula et al.

[5.12] based on spin arguments.

At this energy all D° production can be explained by the reactions in

eq. (5.13); there is no need for "inelastic'" production reactions such as

+ - —_
e” +e& — D° + D*0 + additional hadrons (5.16)

This is surely because the energy is close to threshold, At higher energy, we

certainly expect the "pair" production reactions in eq, (5.13)to have small

cross sections compared to either "inelastic' reactions such as eq.(5.16) or to

the production of higher mass charmed mesons.,

N .
To summarize our knowledge of the D and D masses: the electromagnetic

mass splitting of the D or D is only a few MeV, the separation between

%
the D and D 1is about a pion mass, the reactions

0
p*0 —> D%+ 7°, y (5.17a)
* o] 4
D™ =D +n (5.17b)
+
D'* — D +y (5.17¢)
are energetically allowed, the reaction
Dt —= D" +1° (5.174)
may be energetically allowed, but the reaction
* + -
D —= D 4 (5.17e)

is energetically forbidden.
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The angular distributions of D's produced near threshold gives information
%
on the D and D spins. First we note that since charm is conserved in all -
‘interactions that comnserve parity, the parity of the D is arbitrary and we can
define it to be negative following the usual convention. The existence of the
* ' _ x - :
decay D = D7t then determines that the D parity is given by
(J ~J_ %)

p,=(1 2P (5.18a)

D
*
if either JD or JD* is zero. The existence of the decay D - Dy trivially

*
determines that the spins of the D and the D cannot both be zero. Thus

using eq. (5.18a), if (JD + JD*) < 2, the only possibilities are

P_ - P -
Jy=0, Ja=1 (5.18b)
or
P_ - P _ -
gy =17, Jpx =0 (5.18¢)

The latter possibility is ruled out by two separate distributions, the
distribution of the K from D° + K_n+ decays relative to the D° direction

in reaction (5.13b) and the distribution of p° polar angles from reaction (5.13e)
[5.15,5.23] . Thus, we conclude that either (JD + JD*) > 2 or the spin and pari-
ties are given by eq. (5.18b). The latter possibility is what we expect for the
bound states of a quark-antiquark pair.

5.6. D Production Cross Sections and Branching Ratios

In Table 5.7, we give ¢ « B, the product of the D production cross sections

¢ and the decay branching ratio B. To make a rough calculation of B we assume

1

that at Ecm = 4.028 GeV, half of the total hadronic cross section, o, is due to

h
charm production, and that 3/4 of the charm cross section leads to p° or D° as
+
opposed to D~ production. Then, using oy = 33 nb and table 5.7
B(DO - K—n+) " .57/(2-%~%~33) n 2% (5.19a)

The factor 2 in eq. (5.19a) occurs because both the D° and D° are counted in
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the .57 value. Similarly

- B0° > K°rtn or KoninT) ~ 4% (5.19b)
BM° » K ntr nt) & 3% (5.19¢)
BT > kTrteTy o5z | O (5.19d)

These ratios are smaller than originally predicted L5.1].

5,7, Inclusive K Meson Cross Sections

As discussed in section 5.2, we expect thatalmost all the decay modes of
the D meson and many of the decay modes of the F meson will contain a K meson,
either charged or neutral. Therefore an important test for the existence of
charmed mesons is that the:production of K mesons increase when the beam energy
is above the charmed meson production ‘threshold.
Clear evidence for such an increase has been seen in charged K production by
the DASP Group[5.18]; in Kg production by the PLUTO Groub [5.19], and in
Kg production by the SLAC-LBL Magnetic Detector Collaboration[5.20]. We
discuss these results in that order.
The DASP Group's cross section [5. 18] for

- +
e++e —K +X (5.20)
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is shown in fig, 5.11. We note the dramatic increase in the cross section for

E cm 2 4.0 GeV and the peak at 4.03 GeV. A quantitative test of the prediction

that almost all D meson decays contain a K meson is provided by defining

ReEom) = 0@V 0, € | ~ 6.212)

in analogy to

R(Em) = Thad (Ecm)/ i (Ecm) (5-21b)

(See eq. 2.7.) Here ok is the total cross section for events containing a

charged or neutral kaon.

Next we choose an Ecm below the charmed meson productfon threshold:
Following refi 5.18, we use 3.6 GeV. Then we define

new
RK (Ecm) =RK (Ecm) - RK (3.6)

RV (E, ) =R (E,,) - R 3.6) _ 5.21c)
=R (B, ) - 2.5

Here 2.5 is taken as the average value of R in the Ecm = 3,6 region, If the in~
crease in Ohad above 4 GeV is due completely to D meson production, we expect

RIII(eW(E y=R™V ® ) E_ 2 4GeV 5.22)
cm cm cm

To test this experimentally, one uses [5.18] the expected relationship

UK=0:!:+0 0-—0=20:!: ©.25)
K K ,K K
Figure 5.. 13 shows the comparison of Rz;{ew with Rnewo In Fig. : 5; 12a RSV

K
is seen on the average to be lower than R™V, However, if the contribution to

new

R by a heavy lepton is subtracted from R , Fig. 5.12b, good agreement is

obtained.
The inclusive cross sections for

e++e_-—>Kg+X (5.24)
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corrected for the unobserved KS—-—» 27° decay mode, is shown in fig. 5.13 for
the PLUTO Group data [5.19}. Figure 5.14 shows the data of the SLAC-LBL
Magnetic Detector Collaboration [5,20]. The latter is in terms of an Ri{

defined by

! =
Ry =20 ,/0,, (5.25)

K
5

the o o having been corrected for the unobserved Kg — 271° decay mode and

K
the det8etion efficiency. We note that, as we expect, the ¢ o has the same be-
K
havior as ¢ , : a dramatic rise at Eem ~ 4.0 GeV and a st%ong peak at

K
Ecm =4, 03 GeV, Thus there is general agreement between all three experi-

ments. The only difference is that the SLAC-LBL data shows an enhanced kaon
yield at the 4.41 GeV peak in the total cross section, fig. 2.5; however, the DASP
Group and PLUTO Group do not see the same enhancement.

5.8, Searches for F Mesons and Charmed Baryons

As this review is being written, no evidence for the existence of
T mesons has been found in e_?-e_ annihilation experiments or in any
other experiments. Thus, while the great successes of the charm give us strong
motivation for looking for the F mesons, as scientists who ultimately must base
our knowledge on experiment, we must keep the F meson in the category of un-
confirmed particles.

The situation with respect to charmed baryons is somewhat better., Cazzoli
et al, [5.4] have found an event |

4

- + -
y“+p——>y, + A +7T++7r +7T +T (5.26)

in a muon neutrino bubble chamber experiment which violates the AS = AQ rule

if it involves only non-charmed particles. An alternative explanation is that
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. .
the A 7r+ 7r+ 7 w 1s the decay of a charmed baryon with mass 2426+ 12 MeV/cz.

Such a mass is in reasonable agreement with the predicted [5.5] 2: mass of
2420 MeV/c2 or the Ec mass of 2360 MeV/czo, (see table 5.2).

More evidence for the existence of charmed baryons has been found by
Knapp et al. [5.3] in a photoproduction experiment. They find aAr =1 in-
variant mass peak at 2260 + 10 MeV/c2 with a width less than 75 MeV/cz; and a
higher mass state A (47r)O at ~ 2500 MeV/ 02. The latter decays into the formes.
The authors state that the 2260 MeV/c2 state could be the charmed baryon Ac
(table 5.2), and the ~ 2500 MeV/c2 state could be the Eé‘ mentioned above.

No direct evidence for charmed baryons has leen found in e’e” annihilation
experiments as this review is being written. That is, no statistically significant
invariant mass peaks have been found in states such as Aw, A37 or A57. How-
ever, the SLAC-LBL Magnetic Detector Collaboration has some preliminary in-
direct evidence [5,21] that charmed baryons may begin to be pfoduced ine'e
annihilations as Ecm increases from 4 to 5 GeV. As Ecm increases from 4 to 5
GeV, the production of A or. A's and of antiprotons increases relative to
the increase in the production of all particles in multiparticle events. Now, as
indicated above, we expect charmed baryon masses to be in the range of 2.2 -
2,5 GeV/cz. Hence the onset of charmed baryon production in the Ecm =4t05
GeV region would simply explain the observed effect.

Clearly a great deal of fascinating work lies ahead of us in the search for
the F meson and charred baryons in e+e— annihilation physics, And the experi-
menters in the field, which include the authors, must keep an open mind as to

what they will find,
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-

6. ANOMALOUS LEPTON PRODUCTION IN e+e_ ANNTHILATION

.,
TR

By anomalous lepton production we mean the production of electrons

-

L] a Y
or muons by processes which are not contained in ordinary quantum electro-

dynamics and are not simply the decay of ordinary hadrons such as" md

R T Gu or K-+ e + Ge + fo. Two anomal;us sourcés have Leenigound.
One source is the leptonic decays of a particle of mass 1.90 * .10 GeV/C2
which seems to be a new, charged heavy lepton [6.1]. This particle called

>

the U during the initial studies [6.1-6.4] will be called the T in this
B

paper because it appears to be the third charged lepton to be found.

Theoretical properties of <charged heavy leptons based on conventional

weak interaction theory are discussed in section 6.1. The eu events from

the reaction

+ -
+ - —
e +e +e + u+

+ no other detected particles, (6.1)
which pro?ided the first evidence for the existence of tﬁe T are described
in section 6.4; and the measured properties of the T based on the ey
events are also given . More evidence for the existence of the g and
additional measured properties are given in section 6.5 where 2-prong,
single lepton, inclusive events are discussed.

The second anomalous source of leptons to be found in e+e_ annihilation
is the semi-leptonic decays of charmed hadromns [6.4-6.8]; with the
best studied component being the semi-leptonic decay of the D mesons just
above their Ecm v 4 GeV production threshold. The theory of semi~leptonic
decays of charmed mesons is outlined in section 6.2. 1In section 6.6
the experimental evidence for the decays is presented.

To complete the theoretical presentation, we discuss in section 6.3
the purely leptonic decays of integral spin particles; an anomalous source

. + - I .
which has not been found in e e annihilatiom.
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6.1. The Conventional Theory of Charged Heavy Leptons

6.1.1. Decays of a Sequential Heavy Lepton
It is an old idea [6.9] that the e and u could be the first members

of a sequence of leptons with charged and neutral members:

+ - -
e~ V 4V
e e
u= vV, Vv
M H
" ) (6.2)
1 \)21’ \)Q,
.V i_ _
V_. v

Here each charged pair would have a unique lepton number which is carried
only by the charged pair and their associated neutrinos, and all lepton
numbers would be separately conserved. As is discussed in sections 6.4
and 6.5 there is now good evidence for the existence of the third charged
lepton in the series. Using Ti (from the Greek tpitov) to designate that
member, and vT for its associated neutrino, there are some simple pre-
dictions on its properties which can be made from conventional weak inter-
action theory.

Assuming that the T lepton number isg conserved, the electromagnetic

decays
T Fe +y , T +u +y (6.3)

are forbidden. Unconventional theories [6.10] would allow a small relative
decay rate to these modes. Then the T is stable unless the mass, moo, is

T
less than the T mass, m . Assuming

m > m ; (6.4)
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the t has the purely leptonic decays:

T v +e + v (6.5a)
T e
and
T +v_ +u + v .5b
Lt Vi (6.5b)
Following the e,u conventions, the T and v, are called particles,
+ —_
the t and v, are called anti-particles. Depending on the m., m difference

T
hadronic decays are also allowed:

T > v+ T (6.6a)
T - v+ o (6.6b)
T > v+ K (6.6¢)
T - vT + A1 (6.64)
T - v+ 2-or-more-hadrons (6.6e)

Conventional weak interaction theory as first carried out by Thacker and
Sakurai [6.11] and by Tsai [6.12] predicts the decay ratios for the purely
leptonic modes. The addition of some theoretical concepts and data [6.11,6.12,
6.19 ] allows the calculation of decay rates to single hadron final

states such as m,p,K,K* and A The calculation for final states in which

1
there are 2~or-more-hadrons, usually called the continuum, requires additional
knowledge as to how the hypothetical intermediate boson W decays into many
hadrons. Fortunately this knowledge can be obtained in part from ee” annihilation
data itself by using the analogy between the diagram in fig. 6.la and the

quark model for hadron production in e+e— annihilation, fig. 6.lb. Relative

decay rates as a function of m_ are shown in fig. 6.2a assuming that the

TV coupling is V-A and m = 0.0. Assuming the T—VT—W coupling constant
T
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is the universal G = 1.02 x lO—S/M2

proton’ the corresponding 1 lifetime

is given in fig. 6.2b. An important experimental consequence follows from
~ column 3 of table 6.1; 85% of the decay modes of this mass and type
of&heav;flepton contain only 1 charged particle.

Relaxing some of our assumptions, such as changing to V+A coupling
or giving the vT é several hundred MeV/C2 mass, will not change the
relative decay rates. On the other hand, setting mv to 1. or 1.5 GeV/c2
will severely affect the relative decay rates. '

After the publication of the data on anomalous el events by the SLAC-LBL
Magnetic Detector Collaboration [6.1,6.2] a number of theoretical papers
appeared which discussed the production of charged heavy lepton pairs in
e+e— annihilation and the behavior of their decay products, momentum dis-
tributions, angular distributions, tests of the nature of the coupling,
alternative explanations, and so forth. Reference [6.13) contains a partial

list along with some earlier references which applies to our case of un-

. + - s
polarized e e Dbeams and moderate statistics.

6.1.2. Paraleptons
Llewellyn Smith [6.9] defines paraleptons as charged

heavy leptons with the same lepton number as the oppositely charged e or uj
hence such leptons cannot decay electromagnetically. Thus Bjorken and Llewllyn

Smith (6.13b] define the E and M to have the lepton numbers of the et and u+
+
respectively. The lower bounds on the M mass set by Barish et al. [6.14]

means that the M cannot be produced by currently operating e+e— colliding
4 :
beam machines. The E~ with decay modes

E »v +e + v (6.7a)
e e

E - v +u o+ vu (6.7b)

E - Ge + hadrons (6.7¢)

is not excluded by existing neutrino production data.
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6.1.3. Ortholeptons
Ortholeptons [6.9] are charged heavy leptons with the

%
same lepton number as the same charge e or p. Ordinarily the e with the

same lepton number as the e would decay electromagnetically

% -
e +e +y . ‘ (6.8a)

%
However, the coupling constant at the e ey vertex is arbitrary as pointed
out by Low [6.13c]; and we may make it so small that the-weak decays
- S gy had 6.8
e =+ vewv JRTURY ron .
e® Ve 0 VMV, Vha 8 (6.8b)
are stronger than the decay in eq. (6.8a). A similar remark holds for the

’l\._ -—
u with the lepton number of the py . We also call such leptons excited

electrons or excited muons.

6.1.4, Production of Heavy Leptons in e+e- Annihilation

The simplest assumption is that a heavy lepton is a spin * point par-
ticle obeying the Dirac equation. The lepton is pair pro@uced through the
one-photon exchange diagram of fig. 6.3, the same diagram which leads to

u  pair production. Indeed once Ecm >> 2m the heavy lepton is pro-

lepton

duced as copiously as the u meson; and this is the reason why e+e- annihi-
lation has been such a fertile field for heavy lepton searches. Using the

spin ), Dirac point particle, assumptions; the total production cross section
is

Con o? 83-8Y)  43.4 8(3-8%)
o= _ = nb
T 3s 2
E
cm

o 4+ (6.9)

e +

e >+ T
where Ecm is in GeV and B is the velocity of the T in units of ¢. As an

<
aside, we note that in the Ecm N 8 GeV energy range of this paper we ignore
the two-virtual-photon process [6.15].
4 - - -
e +e - T+ + T + e+ + e ; (6.10)

a process which will become important at higher energies.
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6.2. Semi-Leptonic Decays of Charmed Hadrons as Anomalous Lepton Sources

We began the discussion of the semi-leptonic decays of charmed hadrons
in seczion 5. The important quark diagram is the decay of the ¢ quark to an
s quark and an e ve or u vu pair, fig. 6.4a.  Taking color into account, this
quark decay amplifude should be one third asllarge as the decayof a ¢ to an s
and a ud pair, fig. 6.4b. Thus ignoring possible hadronic enchancements the

the semi-leptonic decays of charmed hadrons should be comparable to

the hadronic decays. This has important consequences:
1. The existence of a relatively large semi-leptonic decay rate in a large
mass hadron (mass i 1.5 GeV/c2 say) is an indication that the hadron may be
charmed.
2. The relatively large semi-leptonic decay rates in large mass charmed
hadrons make it possible to study weak interaction decay dynamics where
four-momentum transfers are large, and hence where form-factor effects will
be large.

The charmed D° mesons provide the simplest examples of what sort of semi~
leptonic decays we expect in charmed hadrons. Remembering that the c decays
to an s we expect

- +
D +>K +e + ve

*e +
p° > K +e + v,

+ (6.11)
D° >k +1° +e + v,

= - +
Do -> K0 + 71 +e + ve

Various calculations of charmed hadron semi-leptonic decay rates
have been carried out [6-.16,1.17): and some examples are given in table 5.4
The production processes for charmed hadrons are of course very much more

complicated than for heavy leptons. The latter is given simply by fig. 6.3
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and eq. (6.9). Near threshold the former (using the D° as an example) is given

by

+ -
e +e >D°+D

- -k
ef + e > D% 4+D0
L, 50
- * —%
e+ +e > D © + D °
L....-y DO L._-+ ﬁo

At energies above the threshold region we expect

+ — p—
e + e - Do + DO + additional hadrons

and

+ -
e +e - HC + additional hadrons

+H_
L>D° L+r—)°

) (6.12)

(6.13a)

(6.13b)

where HC represents a higher mass charmed hadron which can decay to a p°.

Combining the production processes in eqs. (6.12 and 6.13) with the decay

process in eq. (6.11) we come to a very important point emphasized by Wiik [6.5]

and by Feldman et al. [6.4]. The total final state of a process involving

the e+e— production of a charmed hadron and its semi-leptonic decay will on

the average have much higher charged particle and photon multiplicity than

. , . + - .
the total final state of a process involving the e e production of a heavy

lepton and its leptonic decay.
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6.3. Purely Leptonic Decays of Integral Spin Particles

An_integral spin particle whether an hadronic boson or a point particle

can clearly have the 2-body, purely leptonic decay modes (6.18]

M > e + Ge , M -~y + Gu : ; (6.14)
In any study of anomalous lepton production in e+e— annihilation such sources
must clearly be considered, and we will do so. For exaﬁple, if the F* has
spin 1 and has lower mass thanthe F, then o +-e_5e or u-su might compete
with semi-leptonic decays of the F*. A point particle example is the inter-
mediate boson with decay W o> e—Ge or u—cu; although we must remember that
present lower limits on the W mass preclude its production at existing
e+e_ colliding beam facilities.

For a spin zero particle the e_se decay mode will be strongly suppressed
relative to the u-Gu decay mode by helicity conservation and the left-handedness
of the V-A coupling; just as it is in 7 and K decay. Therefore we restrict
our considerations in this section to spins of 1 or larger.

The production cross section for

et e on (6.15)

can be quite complicated even when the spin is 1. We shall use the simple

form:

3
_ A \ lz
Oete= » Mt~ = g FM(S) (6.16)
Here 83 is a threshold factor, A is a constant, and FM(S) is a form factor

which is less than 1 when M is hadronic and s is far above threshold.
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6.4. The ep Events Produced in e+e_ Annihilation

6:4.1. =Discovery of the eu Events
The cleanest signature for the existence of charged heavy leptons

in the production and decay process:

e + e —>T+ + T (6.17)

or its charge conjugate. Experimentally one would see

+ -
+ - .
e + e =+ e + pt + no other detected particles (6.18)

We call these events signature eu events. The first evidence for such events
was presented by Perl [6.11 in the summer of 1975 using the data of the SLAC-LBL
Magnetic Detector Collaboration obtained at SPEAR. The collaboration has
published two papers [6.2,6.3] on these events, the second based on a total
of 105 events after background subtraction. The discussion in this section is
based on that set of events augmented with more recent SLAC-LBL Magnetic
Detector Collaboration data. These total data contain 190 eu events with a
background of 46 events giving 144 signature ep events after background sub-
traction. These events occur in the energy range 3.8 < ECm < 7.8 GeV.

The signature eﬁ events were selected using the following criteria:
1. One particle identified as an e, the other identified as a u.
2. The e and u have opposite sign electric charge.
3, P, > 0.65 GeV/c and pu 2'0.65 GeV/c. These lower limits are necessary

to insure that e's and p's can be separated from hadrons.

4, The e and p are acoplanar with ecopl % 20° where
= ~|( . X
cos 8,1 ==l xny - @ xapl/dn, xnlln, * 0D (6.19)
N, By and&r}+ are unit vectors in the direction of motion of the e, u

and incident positron beam respectively. This cut removes contamination
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from coplanar ee and pu pairs.
5. No other charged particles are detected.
6. No photons are detected.

To show that the éignatureieu events so selected ﬁight come from heavy
leptons via reaction (6.17) it was necessary to prove that they met two general
conditions:

A. It was necessary to prove that the e and y were neither misidentified hadrons
nor the decay products of mw, K's or other hadrons. This has been fully dis-
cussed in a series of papers [6.1—6.4,6.19 ]. Wwe only note here that due to
misidentification or decay a hadron is called an e 10 to 20% of the time, and
a hadron is called a u 10 to 20% of the time in the SLAC-LBL Magnetic Detector.
On the average 207% of the eu events are misidentified hadronic events. 1In
addition 2% of the signature ey events are from misidentified ee pairs.
B. With the majority of the signature ep events shown to be genuine, it was
necessary to show [6.4,6.19] that they did not come from

+ - t " o}
e +e »e +ut+ charged hadrons and/or 7 's, (6.20a)
where the charged hadrons or m%'s  were not detected.

Furthermore they must not come from

+, -+t - o
e +e »e” +ut+ KL's (6.20b)

This is because reactions such as in eqs. (6.20) would indicate a semi-

leptonic decay source of the ey events; for example the semi-leptonic

decays of a p°p° pair, egs. (6.11), could produce the reaction in eq. (6.20a).
Reaction (6.20a) was eliminated as a major source of the signature en
events by showing that there were much too few ed events with additional

charged particles or 19%'s detected. Reaction (6.20b) was eliminated as a
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major source by showing that there were very few ep events of the form

+ - + T o
e +e +e +yut+ Ks‘s (6.20¢)

-

the Kg's being detected through their n+w_ decay mode. To summarize, it
was shown [6.4,6;19] that the 90% confidence upper limit on the fraction
of signature ey events coming from the reactions in eq. (6.20) was 0.39
(table 6.2).

Since the signature ey events met these two conditions they were can-
didates for heavy lepton related events. It was next necessary to see if
the signature eu events had the expected behavior of heavy lepton related
events, and to see if these were alternative explanations of these events.
Later in this section we describe how these studies are done. But first we
summarize the déta on the signature ey events found by the PLUTO group at
DORIS.
6.4.2. The eu Events of the PLUTO Group

In the summer of 1976, H. Meyer [6.20] described the findings of
signature eu events eq. (6.18) in the PLUTO detector at DORIS. Further
information on those events was presented at the 1977 Coral Gables Con-
ference [6.21], and that information is summarized here. Twelve eu events,
that is signature eu events, were found in the energy range 4.0 < Ecm < 4.8 GeV;
and the calculated background was less than 1.5 events. In the same data
sample, 7 eu events were found with additional chargad particles but the calcu-
lated background was;6 events. Hence the 12 signature ey events could not come
from the reactions in eqs. (6.20); and therefore condition B, discussed before,
is met by these PLUTO events. This is particularly important because the PLUTO
detector has larger solid angle coverage than the SLAC-LBL Magnetic Detector,

.85 of 41 compared to .70 of 47.
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6.4.3. The Observed Production Cross Sections for the Signature eu Events
Figure 6.5 shows Oeu , the observed production cross section for the

sample of signature ep events of the SLAC-LBL Magnetic Detector Collaboration.

The background has been subtracted. The solid curves show the theoretical

Geu , eq. (6.9), for a~sequentiai heavy leptén with V—A‘coupling; m\)T = 0.0
and m_ = 1.8 or 2.0 GeV/cz. These theoretical curves have been corrected for
the momentum and angle cuts and for the geometric acceptance of the detector.
They are fit to the observed Oeu by adjusting the leptonic branching ratios of
the 7. We note that the goodness of fit is not semnsitive to m_, except that
as m_ increases above 1.9 GeV/c2 the signature eu events at Ecm = 3.8 GeV must
be attributed to background. This latter observation will be used later as
one way of fixing limits omn m . The quality of fit is also not sensitive to
the nature of the coupling.

However the introduction of a form factor does decrease the quality of
the fit. The dashed curve in fig. 6.5 is for a mass 1.8 GeV/cz, heavy
lepton with the production cross section of eq. (6.9), but with the form factor
FM = C/s where C is a constant. We note that even such a monopole form factor
gives a poor fit to the data. ,Hénce the observed Geu favors a point pro-
duction cross section. This is an additional argument against any hadronic semi-
leptonic decay source of the signature ey events. Such a source is restricted
to pure hadron pair production and its form factor dependence on s would be
strong.
6.4.4. Observed Kinematics Distributions of the Signature ey Events

In figs. 6.6 and 6.7 we show the missing mass squared (mi) and invariant

mass squared (mi) distributions for the signature eu events for 4.8 < Ecm < 7.8

GeV. Here

m = (E -E -E) - (p_+0p) (6.21a)
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2 2 2
m, = (Ee + Eu) - (pe + pu) (6.21b)

Where‘ge, P andEu,pu are the energy and three-momentum of the e and u
respectively. There is no sharp peak in either distribution, as there
should not be if . the source is reaction (6.17). Other‘Ecm ranges have

similar distributions.

0f much more value are the momentum distributions of the e and u.

To combine data from various E g ranges we define
c

r = __._P_______‘_O(-)625 (6.22a)
Phax '

Here p is the momentum of the e or u in GeV/c and Poax is its maximum value
in reaction 6.17. The e and u masses are set to zero. Since 0.65 GeV/c is

the lower limit in p, r has the range
O<grgl ) (6.22b)

Figures 6.8 show the background subtracted r distributions for the signa-
ture ey events for four energy ranges. A V-A heavy lepton with mT==1.9OGeV/c2
and m = 0.0 is a good fit, table 6.3, except in the Ecm = 4.8 GeV data.

T;ese same curves can be used to eliminate an alternative hypothesis,
that the signature ey events came from the 2-body decays of an integral spin
particle called M, section 6.3. Two cases are considered, fig. 6.8a and
table 6.3. In one case the M is taken to be unpolarized. This gives a flat
tr spectrum which disdgrees with data. In the other case thé M is taken to
have spin 1 and to be polarized so that it is only produced in the helicity = 0
state. This also disagrees with the data. Hence the r spectrum shows that the
e and ¢ do not come from 2-body decays. The possibility that the e and u come

from 4~or-more-body decays is also eliminated because the observed r spectrum is

too "hard" for that hypothesis.
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From these conclusions and from the fact that the signature ey events
meet conditions A and B in sections 6.4.1. and 6.4.2.; we are led to the
T charged heavy lepton as the simplest explanation of the signature ey events.
O;r ne;; task is to determine the properties of the T and to see if all these
properties are consistent with those expected of a heavy lepton. For example,
oli distributiéns are conéistent with those ex-

pected for a heavy lepton. Here

fig. 6.9 shows that the cos ec

cos 811 = P - P/ (e Iz, D3 (6.23)

and the distribution is strongly affected by the Gc and momentum cuts in

opl

section 6.4.1.

6.4.5. Properties of the T Charged Lepton. Using the ep Events.

T Mass: In the first method of studying m_we vary m. and study
the quality of the fit to Geu in fig. 6.5. This method is particularly effective
in setting an upper limit on m because all ey events with Ecm < 2mT must be
attributed to background. Table 6.4 gives the results.

The second method uses the kinematic distributions. A particularly effective
distribution is a pseudo-transverse momentum, PL’ pictured in the inset in

fig. 6.10 and defined by

p, =, x2)/lp, - 1l (6.24)

Table 6.5 gives the values of m_ for different hypotheses as to the coupling and

m . A related method uses the average value of cos 9
T

<
coll ™

number of conclusions we can draw from table 6.5.

coll’ fig. 6.9, for
o

8 90°. Another method uses the r distributions [6.22]. There are a
1. The P, > cos ecoll’ and r methods are in good agreement although we be-’
lieve the 91 method is more reliable because it is less dependent on how the

background is subtracted.
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2. V-A coupling and m in the range of 0.0 to 0.5 GeV/c2 (see below also)
T
is consistent with the m limits in table 6.4 Using V-A coupling and

m = 0.0, as does our standard model, we note
T
m_ = 1.91 + .05 Gev/c? . _(6.25)
based on the ?L method where the error is statistical. However due to
the differences in the P, and cos © methods and some systematic uncer-

tainties we use

m = 1.90 T .10 Gev/c? (6.26)
T

for our standard model.

3. We note, table 6.5a, that W is the same in the high and low E__ ranges.
cm
This shows that our t lepton interpretation of the data is consistent
over the entire ECm range, and it argues against the existence of a second

charged heavy lepton with a mass greater than the T But less than 3 or

so GeV/cz.

Coupling: Figure 6.11 compares the experimental r distribution with V+A

coupling and m, = 0.0. From fig. 6.11 and the comparison of table 6.5a and
T

6.5b we note that pure V+A coupling is less favored than pure V-A coupling

[6.22].

Mass of the T neutrino: Figure 6.11 shows that as m increases the goodness
T
of fit to the r distributions decreases. TFor V-A coupling
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and m_ = 1.9 GeV/c2 the 95% confidence level upper limit on m is
T

m < 0.60 GeV/c2

Leptonic branching ratio: Using the Oeu data in fig. 6.5, m = 1.9 GeV/cz,

m = 0.0, V-A coupling, the point particle production cross section (eq. (6.9)),
T

and assuming the equality of the T decay rates to e and

(Tt - v_e ve) I'(cr - v vu)
- = - = 0.186 t .030 (6.27)
T(t - all) I'(t = all)

in agreement with the theoretical prediction, table 6.1. Some tests of

this equality assumption are given in the next sectiom.
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6.5. Consistency Checks on the T being a Heavy Lepton

6.5.1. Point-like Energy Dependence.

We have shown in section 6.4.3. that the energy dependence of the pro-
duction is consistent with being point 1like.

6.5.2. Total e'e” Annihilation Cross Section ' -

R, the ratio between the total e+e_ annihlation cross section and the
¢ pair production cross section, measures the sum of squares of charges of
the fundamental fermions in the conventional models. Thus if we have a
new lepton, we must have room for it in the total cross section. This
point was discussed in detail in section 2. We not only have room for it,
but measurements of R seem to require a new fermion.

A more direct demonstration is contained in the work of the PLUTO
group [2.5 ]. They show, fig. 6.12, that the directly measured total cross
section for 2-prong events is large enough to easily contain the 2-prong
events from T+T— production assuming relative decay rates similar to those
in table 6.1.

6.5.3. Anomalous ee and up events.

Since we interpret the anomalous eu events to be the result of independent
decays, one containing an e and one containing a y, we expect half as many
anomalous ee and uu events if the 1 decay rates to the e and u are equal.
These events are harder to measure because there are backgrounds from leptonic

processes which are comparable to the anomalous signal. Using the SLAC-LBL
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Magnetic Detector Collaboration data we have subtracted backgrounds from
e+ +e ~ g+ + 2— + v
- e++e_—>g++g—+Y+Y (6.28)
ettt vt r e w T+
where % stands for either e or p. The results [6.23 ] are given
in table 6.6 which is consistent with equal decay rates to e and u. This
measurement eliminates the possibility that the T is an electron-related
paralepton  of the type discussed in section 6.1.2.
6.5.4. SLAC-LBL Collaboration Anomalous, 2-prong, Muon Inclusive Events
In the reaction

+ T

+ -
e +e -

ot ) (6.29)
L., u+v v s anything

Wt
or its charge conjugate, the "anything'" ought to contain a single charged

particle 85% of the time according to table 6.1. Therefore we should

be able to find events of the form

e+ +e > ut + xt + >0 photons (6.30)
where x is an e, u, or hadron. Such events have been found by the SLAC-LBL
Magnetic Detector Collaboration [6.4,6.19] using an extended muon detector
(called the muon tower) on top of the main detector, fig. 2.4, We will
refer to muons being identified at three levels (see fig. 2.4). Level 1
corresponds to particles which penetrate the shower counters, the coil,
and the flux return. The original data were analyzed exclusively at this
level. Level 2 or 3 correspond to particles which penetrate level 1 and
one or two concrete slabs; the total amount of material before levels 2
and 3 is equivalent to 65 and 92 cm of iron, respectively. The solid angle
of level 2 is 1.1 sr and the minimum average muon momentum required to reach

level 2 is 910 MeV/c.
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We took as the initial sample of events all two-prong events, with
or without photons, in which one prong is a muon candidate at level two
or thrge of the muon tower. A muon candidate is defined as a particle
which has sufficient momentum and is heading in the right direction to
fire a muon spark chamber if it were a muon.. To simplify the background
calculations, events in which both prongs are identified as electrons are
eliminated. We then required the two prongs to be acoplanar with the in-
cident beams by at least 20° and for the square of the missing mass recoiling
against the two observed prongs to be greater than 1.5 (GeV/cz)z. Backgrounds
from hadron penetration and decay and leptonic backgrounds were then subtracted
to obtain the number of anomalous two-prong M events.

A very clear signal exists in the 5.8 & ECm £ 7.8 energy range, fig. 6.13
and table 6.7. A statistically weaker signal appears at lower emergies, table
6.7. The anomalous, 2-prong, muon cross section in all three energy ranges
is compatible with that expected from the decays of pairé of T heavy leptomns.
Figure 6.l4a shows that the y momentum spectrum is also consistent with that
expected from the T.

Finally we note that since the comparison in the bottom two lines in
table 6.7.1is based on table 6.1 and the equality of the 1 decay rate to
e and M; the success of this comparison is a consistency check on that equality.
6.5.5. Other results on Anomalous, 2-prong, Muon Inclusive Events

Two other experiments have made measurements of inclusive anomalous
muon production to two-prong events. The Maryland—Princetoﬁ—Pavia group re-

ported 13 events with 4 background at 4.8 GeV, corresponding to a cross section

+151pb [

of 285 ~113pb

6.24]. These were the first such events reported. As analyzed
by Snow [6.25), these data are compatible with the heavy lepton hypothesis.

Preliminary, high statistics measurements of anomalous, 2-prong, muon

inclusive spectra in the energy range 4.0 < Ecm‘é 4.8 GeV were reported [6.21]
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by the PLUTO group at the 1977 Coral Gables Conference. These spectra were
also consistent with coming from the production of a pair of heavy leptons
of mass about 1.95 GeV/c2
6.5.6. Anomalous, 2-prong, Electron Inclusive Events.

At the 1977 Chicago Meeting of the American Physical Society, R. Felst
of the DASP Group from‘DORIS reﬁorted [6.26] preliminary data o; anomalous,
2-prong, electron inclusive events analogous to the muon events in eq. (6.30)
He reported that the energy dependence of the observed production cross section
in the energy range 4. £ ECm < 5 GeV, and the momentum spectrum of the electron,
were consistent with that expected from a heavy lepton of mass ~1.9 GeV/cz.
6.5.7. Anomalous, 2-prong, Muon-Hadron Events

If we identify the x particle in reaction (6.30) we ought to be able: to
find hadrons as well as e's and U's. 1In 59 of the two-prong events
with 5.8 < Ecm < 7.8 GeV in table 6.7, the second prong can be identified
as a 4, e, or hadron. After correcting for all backgrouﬁds and misidentifications
there are 6.8 ¥ 6.3 Ul events, 14.2 t+ 4.8 ue events, and 19.5 t 6.5 ¢ hadron
events. These statistics are too poor to check the predicted hadronic decay
rates in table 6.1; but at least an overall hadronic decay mode has been
seen.
6.5.8. Consistency Conclusions

All published and conference-reported data relevent to the heavy lepton
are in agreement with the existence of a charged lepton with mass m_ = 1.90

.10 GeV/cz. While it is not required, all this data is also consistent with

our standard model: V-A coupling and m = 0.0.
T
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6.6. Observation of the Semi-Leptonic Decays of New Hadrons

6.6.1. Anomalous, Multiprong, Eléctron Inclusive Events
The first observations of the semi-leptonic decays of new hadronms,
;ndouQZedly charmed hadrons, were made by the DASP [6.27,6.5]
and PLUTO [6.28,6.21,6.5] groups from DORIS. The DASP group's discovery [6.27]
of anomalous, multiproﬁg, electréninclusive-events is described.in this section;
o

and the PLUTO group's discovery [6.28] of KS e correlations is described in

section 6.6.3.
The DASP detector, fig. 6.15, was modified for this work by the installation
of electron-sensitive, threshold Cerenkov counters at the entrance to each of
the magnetic spectrometer arms. Additional hadron rejection was obtained by
shower counters at the rear of each arm. In addition most of the remaining
solid angle was covered by a non-magnetic detector capable of identifying
electron, , photons and hadrons. The events considered here met the following
criteria:
1. a total of at least 4 or more charged particles plus photons in the event;
2. an electron identified by the Cerenkov counter and shower counter magnetic
spectrometer system; and
3. at least one ''mon-showering" particle, that is hadron or muon, in the event.
The importance of criteria 1) is that high multiplicity events should come from
semi~-leptonic decays of hadrons; but low multiplicity events should come from
heavy lepton decays as discussed in section 6.2. These events then have the

form

- +
e+ +e > e + o, charged particles + nY photons (6.31)

where

n +n >3
¢ Y

Some early data on the electron momentum spectrum of such events is

shown in fig. 6.16; and the energy dependence of the observed cross section

is shown in fig. 6.17. The momentum spectrum in fig. 6.16 is too soft to
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be from a heavy lepton.

The connection of these e-associated, multi-prong events with the pro-
ductien of singly charmed mesons is made by studying their threshold behavior.
See fig. 6.17 and ref. 6.27. They are not observed below the charmed meson
threshold at Ecm ~ 4.0 GeV; and. their p?oduéfion cross section is maximum
in the 4.0 to 4.1 GeV region where p° and D~ production is maximum (section 5).
Therefore it is very reasonable to associate these observed events with the

charmed mesons and in particular with the D mesons. In the 4.0 - 4.2 GeV

region, the DASP group finds | .51

+

-+ —
+ > e + =
c(e e e hadrons)multiprong

- _ + -
2 - o(e+e +MM) - BM »e” +v (v) + hadrons) > 1 nb
cc c e e

(6.32)
+ - = . . . . = .. .
where oc(e e ~ McMc) is the inclusive cross section for McMc pairs, MC is a
charmed meson, and B is its branching ratio to semi-leptonic decay modes.

Taking O(e+e_ > Mcﬁc) as about 10 nb, we find

+
B(MC > e~ + ve(ve) + hadrons) 2 .05 (6.33)
which is compatible with the discussion in section 6.2.
6.6.2. Anomalous, Multiprong, Muon Inclusive Events.

Feldman et al. [6.4] have observed events of the form

+ - ¢

e 4+ e >y + 22 charged particles T 20 photons (6.34)
in the energy rangei5.8 < ECm < 7.8 GeV. TFigures 6.13b and 6.14b give the
multiplicity distribution and the p momentum spectrum. Neither observation
is compatible with that expected from a heavy lepton. Therefore it is
natural to associate these events with the semi-leptonic decays of hadrons.
The energy, Ecm’ is toohigh to associate these events directly with D charmed
meson production as was done in the previous section. Undoubtedly some of

these events are from D decays. Others may be from singly charmed baryon
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decays, from other charmed hadrons, or from yet unknown massive
hadrons which only decay weakly.

6.6.3.+ K-e Correlated Events.

The PLUTO group [6.28] has observed correlations between Kg mesons and

electrons, thus providing a more immediate way to study the semi-leptonic

expected to occur inalmost all D meson decays and in many F meson decays.

o

+ -
In this work the Ko is detected through its Kg + 7w decay mode, the KS

S

appearing as an invariant mass peak in the mass spectrum of pairs of

oppositely charged hadrons. Below the expected charmed meson threshold there is no

. , o . .
correlation of the e's with the KS, but such a correlation is observed at

Ecm = 4.1 GeV. This result is of course just what we expect for the behavior

of the D meson. Figure 6.18 is an early presentation of this data.

+
A similar observation of K~ - e correlations has been made by the DASP
+
group [6.27,6.5] . At E_ = 4.0 to 4.2 GeV they see a K~ - e correlation
+
but not a 7 - e correlation.

6.6.4 Conclusion on Semi-Leptonic Decays
The semi-leptonic decays of massive hadrons which only decay weakly
have been observed in e+ - e annihilation in the energy range 4. < ECm <
7.8 GeV. Near 4 GeV the decays are compatible with coming from D mesons.
The thorough experimental study of the semi-leptonic decays of

charmed hadrons will be a much more complex undertaking than the study of the

leptonic or hadronic decays of the T heavy lepton, because the production
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and decay processes of the former are so complex. Nevertheless substantial
progress in finding the semi-leptonic decays of the singly charmed mesons

has alteady been made.



- 84 -

7. e+e- ANNTHILATIONS AT HIGHER ENERGIES

7.1. Introduction

Now that the first round of experiments at SPEAR and DORIS have been
concluded and higher energy storage rings are being built, it is appropriate
to ask what we can expect at higher energies based on what we have learned.
There are two areas in which data at present energies indicate the possibi-
lities of spectacular results at higher energies: jet structure and
possible new quarks and leptons.

7.2. Jet Structure

Using a typical transverse momentum of 310 MeV/c, the jet model which
gives a good description of SPEAR data at 7.4 GeV can be used to generate
a description of e+e_ annihilations at 30 Gev [7.1]. Figure 7.1 shows the
mean sphericity as predicted by the phase space and jet models. The distri-
butions are almost completely disjoint. Jet structure will be completely
obvious and no fancy sphericity analysis will be necessary to establish it.
This is further illustrated by fig. 7.2 where the cosine of the angle between
any pair of particles is plotted.

After the basic properties of jets have been measured, interest will
quickly shift to studying deviations from two jet behavior. Non-jetlike
events may signal thresholds for new heavy particles. The possibility of
multi-jet events has also been discussed [7.2,7.3].

7.3. New Quarks and Leptons

The existence of the T upsets the lepton-quark symmetry that the charmed
quark was designed to restore [7.4]. This coupled with indications of new

particles in neutrino interactions [7.5] makes it likely that new quarks
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and/or leptons may be produced in higher energy e+e_ annihilations. If

.new quarks exist then we should also expect new narrow y—-1like states to be

present. Eichten and Gottfried [7.6] point out that for each quark mass
greater than 3.5 GeV/;Z, three narrow 3S, bound qa states should exist
below the threshold for OZI allowed decays. This will lead to an incredibly
rich and complex array of photon and hadron transitions. TFigures 7.3 and
7.4, taken from the work of ref. 7.6, illustrate some of the leading photon
and hadron transitions expected from a series of y-like states, B, B', and

B'', corresponding to a quark of mass 5 GeV/cz.
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TABLE 2.1

Properties of the previously accepted u,d,s quarks and the recently
accepted c quark. I, I,, Q, B, S and C are the isotopic spin, z component
of the isotopic spin, charge, baryon number, strangeness and charm.

Name u d s c
Other Name P n A p'
I 1/2 | 1/2 0 0

IZ +1/2 -1/2 0 0

Q +2/3 -1/3 -1/3 +2/3

B 1/3 1/3 1/3 1/3

S 0 0 -1 0



Widths of the ¢

¥ (3095)
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Table 4.1

particles. SLAC-LBL values [4.2, 4.4, 4.57.

Y (3684) "4.1 region"
0.228 . <
+ 0.056 200
2.1 1% 0.3 )
0.0093 -5
+ 0.0016 v10

Y (4414)
33 > 10
0.44 T 0.14

(1.3 T 0.3) x 10”
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Table 4.2

Decay modes of ¥ {3095)
General modes include resonant contributions, e.g. K+K—ﬂ+ﬁ— includes
a contribution from ¢ntn~. The branching fraction always refers to the
mode plus its charge conjugate state and unless qualified to the sum of
all possible charge states, e.g. pm = I(ptm 4+ pomo 4 p-wt), Upper limits
are at the 907 confidence level.

MODE FRACTION (%) REF. FOOTNOTES
et e 7.3 % 0.5 a
bob,b.6-4.13
T 7.5 * 0.5

+
I
I+

i 0.011 * 0.006 4.14,4.15 b
at o o 1.6 * 0.6 4.16 c
21 2w 0.4 * 0.1 4.16 d

‘ 2n" om w° 4.3 £ 0.5 4.16,4.17

? 3rt 30~ 0.4 * 0.2 4.16 . d

j 3nt 317 7° 2.9 0.7 4.16

| bt 4 o° 0.9 * 0.3 4.16

| o m 1.12 £ 0.15 4.14,4.16,4.18 e
A; n <0.43 4.14 £
wTT 0.82 £ 0.10 4.15,4.19 g
wf 0.28 * 0.11 4.15,4.19 h
B 7 0.38 * 0.09 4.19
pPTTT | 1.8 £ 0.45 4.16 g
o A, 0.84 * 0.45 4.15 g

o 21 27 0.85 £ 0.34 4.15



Table 4.2 continued

MODE

o* —ok%
K

¢ £'

¢ n
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FRACTION (%)
0.017 + 0.011
<0.0089

0.26 + 0.07
0.72 + 0.23
1.2 + 0.3

0.31

I+

0.13

0.07

I+

0.03

0.34

I+
(o]

.05

0.27

1+
o

.06

<0.15

<0.20

<0.05

0.67

1+
o

.26

<0.29

0.21 * 0.09

<0.037

<0.15

<0.016

0.08

1+
o

.05

<0.13

REF.

.14,4,15
.15
.15
.15
.15
.15

.15

.14,4.15
.15
.15
.15
.15
.15

.15

.15
.15
.15
.15
.15
.15
.15
.15

.15

FOOTNOTES

h,k
h,k

h,k

h,k
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Table 4.2 continued

MODE FRACTION (%) REF. FOOTNOTES

PP 0.21 = 0.02 4.11,4.14,4.20 %
pow _ 0.38 + 0.08 4.21

ppml 0.10 % 0.02 4.21

PPN , 0.19 + 0.04 4.20

ppm o  0.41 % 0.08 4.21

ppa a w° 0.11 + 0.04 4.21

ppw 0.05 + 0.01 4.21

A A 0.16 + 0.07 4,22 2
AT <0.04 4,22 ) £
c ;: n0. 04 4.21 m
Y Y < 0.05 4,23

y o 0.0073 + 0.0047  4.24

Y 0.088 + 0.019 4.23,4.24

Yy n' 0.24 + 0.06 4.23,4.24

Y X(2830) <1.7 4.25

Y X(2830) + 3y 0.013 + 0.004 4.24,4.26

Y X(2830) » vy p p <0.004 4.20

YYY <0.0078 4,24

(non-resonant)

a. From a simultaneous fit to measurements on leptonic and total widths.
The fit value for the total width is 67 T 6 KeV.

b. This decay is isospin violating and thus presumably proceeds via a
second-order electromagnetic interaction. With this assumption,
F_(q" - mi)lz = (6.0 % 3.3) x 107°.

c. Mainly mp.
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Table 4.2 footnotes continued

Proceeds via a second-order electromagnetic interaction. The total
hadronic decay fraction via this type of interaction is (17 £ 3)%
(Ref. 4.4).

r@%r®) /() + T ™) = 0.60 £ 0.13. (Ref. 4.16 and 4.18)
Forbidden by-isospin. ' 4 ' .

Isospin invariance used to calculate modes with more than one neutral.
Error multiplied by 1.8 due to high XZ.

This decay is SU(3) violating and probably proceeds via a second-order

electromagnetic interaction. With this assumption, IEki(qz = mz)l2 =

(1.1 £ 0.7) x 1072,

Implies |F (q2 = m2)|2
K’ v

< 5.7 x 1073,

* % %k *
K = K (892) and K = K (1420).

' . , 2 s e s .
Angular distribution of 1 + cos”6 assumed. This is in agreement with
measurements of the ¥ > pp mode.

Four events observed.
Forbidden for a spin 1 particle.

Error multiplied by 1.2 due to high xz.
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Table 4.3

SU(3) tests for the x states.

STATE MODES EXPECTED OBSERVED
RATIO RATIO
w o - ' :

X (3415) el 1 1.0 f 0.4

*0 - +
+

w (3415) £ fec %- 1.4 7 0.7

p-m

K*0 K ﬂ+ + c.c 4
.t +
X (3510) o 3 1.2 7 1.2
ROk ot + 4
m c.c 4 +
¥ (3550) o + - 3 1.0 2 0.8
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Table 4.4

V) decay modes using the statistical model. All final
states are assumed to have I=0 except n7m states with n
even, for which I=1 is assumed.

Observed General I'(observed) Branching fraction
mode mode I'(general) (general) 7

et e et e” 1 7.3 + 0.5

wou W 1 7.5 * 0.5
+ - +

T 27 1 0.011 * 0,006

n+ r 7° 37 1 1.6 T o.6
+ , - +

21 2™ b 2/5 1.0 £ 0.25

o o7 1° 51 2/3 6.45 + 0.75
+ . - +

3m 3w 6w 5/28 2.2 T 1.1
+ - 0 +

3 31 ¢ 7n 5/12 7.0+ 1.7
+ - 0 +

4bn 4w om 7/29 3.7 T 1.2

KT K+ Kq K, K 1 0.017 T 0.011

ROK 1" +c.c KEw 2/3 0.78 * 0.21

SR K R 27 1/4 2.9+ 0.9

KWK oo q° K K 3 9/40 5.3 % 1.3

kY& 20t 2q” K R 41 1/9 2.87% 1.2



Table 4.4 continued

2k 2K” R 2K
on ¢ n

pp NN

- o0

ppT

pﬁ'n—' NN
- +

pnT

PEH Nﬁn
ppr m N § 2n
_+.. —

pp'ﬂ'ﬂ"ﬂ'o N N 37

=
=
=
=1

{11
€3]]
$3]
(13

@]
(o]

Y T Y
Y N Y N
Yy n' yn'
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TOTAL

1/6 0.42 T 0.18
1 0.10 } 0.06
1/2 0.42 * 0.04
5/6 0.58 £ 0.10
1/2 0.38 * 0.08
1/4 1.64 * 0.32
9/40 0.49 T 0.18
1 0.16 ¥ 0.07
1/2 0.08 ¥ 0.08
1 0.007 ¥ 0.005
1 0.088 T 0.019
1 0.24 ¥ 0.06
53.2 ¥ 3.4
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Table 4.5

Decay Modes of y'(3684).

for Table 4.2)

FRACTION (%)

1+

0.88 2 0.13

0.88 * 0.13

<0.005
0.08 * 0.02

0.35 ¥ 0.15

<0.1

<0.005

0.14 T 0.04

0.023 t 0.007
<0.04

<0.02

~

(See heading

REF, ) FOOTNOTES
.5,4.13, a
.32
.25,4.23,
.34-4.39

b
.36 ¢
.21 ' d
.40 e,m
41
.18
21 f
.40 m
.21 g,m
.21
21 h
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Table 4.5 continued

Y Y <0.5 4,42 i
y 7° , <0.7 442

Y n <0.042 4.43

Yy n' <0.11 4.18

y x(2830) <1.0 4.25,4.37

v x(2830) + 3y <0.034 4.43

vy x(3415) 7.3 % 1.7 4.25,4.37 j
vy x(3510) 7.1+t 1.9 4.25 k
vy x(3550) 7.0 F 2.0 4.25 k
y x{(3455) <2.5 4.25

Y x(3455) = v vy ¥ 0.6 1 0.4 4.37,4.39 1
Yy x(3455) + 3y <0.031 4,43

a. From a simultaneous fit to measurements on leptonic and total widths
with I'(ee) = T'(uu) assumed. Without this assumption T'(up)/T(ee) =

0.89 *+ 0.16 (Ref. 4.33). The total decay width was determined to be
212 T 34 Rev.

b. From a simultaneous fit to measurements of ¢' - y + anything,
Y' > ¢ + neutrals, ¢' > yntr—, Y' » YwOwO, PY' > yn, and
Vo ovx > vy

¢c. Yy forbidden by C and WHO forbidden by isospin.

d. Forbidden by isospin.

e. Proceeds by second-order electromagnetic interaction. The total hadronic
decay fraction via this type of interaction is (2.9 ¥ 0.4)Z (Ref. 4.5).
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Table 4.5 footnotes continued

f. Forbidden by SU(3)

g. Angular distribution of 1 + cosze assumed. This is in agreement with
measurements of the Yy » pp decay.

h. Two events obéervedu
i. Forbidden for a spin 1 particle.

j. Angular distribution of 1 + cosze assumed in agreement with spin O
assignment and experimental measurements (Ref. 4.44).

k. Angular distribution assumed to be isotropic.

1. The references listed are the primary measurements, but the value comes
from the overall fit described in footnote b.

m. Non-resonant background has not been subtracted. It is about 507% of the
signal for 2nt27~ and a smaller but undetermined amount for other decay
modes.
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Table 4.6
- Comparison of direct ¢ and ¢' decays.
MODE T, (KeV T KeV T T
et o 4.9 0.3 1.9 *o0.3 0.39 * 0.07
p D 0.14 ¥ o0.01 0.05 ¥ 0.02 0.36 T 0.11
gt K Ao 0.48 * 0.16 0.30 £ 0.09%  0.62 % 0.28
#Non-resonant background has not been subtracted.
Table 4.7
Summary of ¥' decay modes.
MODE BRANCHING FRACTION (%)
lepton pairs 1.8 * 0.3
hadrons via
second-order e.m. 2.9 T 0.4
interaction
direct decays
to ordinary hadrons 9 ts
porom, Vo 53.3 1 4.4
Y X 22 Te

TOTAL 89 Ty



Masses

State

x(3415)

average
X (3455)

x (3510)

average

x (3550)

average

are

or P

- 114 -

Table 4.8

Mass Determinations of the x States

referenced to My = 3684 MeV/cz. See footnote C.
Mass
(MeV/cz) ¥' Decay Mede Ref.
3415 + 10 Y + hadrons 4,44
3413 11 monochromatic ¥y 4.37
3413 T 10 YYY 4.37
3413 t 9 monochromatic vy 4.25
3413 £ 5
3454 1 7 Y 437
. 3500 T 10 Y + hadrons 4. b4
3504 T 7 YYw 4.37
3511 + 7 monochromatic vy 4,25
3512 + 7 YYU 4.38
3508 T 4
3550 T 10 ¥ + hadrons Lo4h
3543 + 7 YYY 4.37
3561 1 7 monochromatic vy 4.25
3552 T 6

a. A single event.

The existence of this state needs confirmation

c. DORIS mass assignments have been increased by 4 MeV/c2

d. Error increased by 307 due to high xz.

Footnotes

to correct
for the difference in y' mass measurements between SPEAR and DORIS.



Table 4.9
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Decay Modes of the ¥ (3415)

The branching fraction for ¥' = yx(3415) is assumed to be 0.073
(Refs. 4.25 and 4.37) in calculating the x branching fractions. See

heading for Table 4.2.

Mode B@W' > vx) 'BX(%)
Y U 0.2 To.2
w o 0.07 ¥ 0.02
K K 0.07 ¥ 0.02
2n 21 0.32 1 0.06
K"k o x 0.27 * 0.07
- 4+ = +
ppo W 0.04 * 0.013
3n 3m 0.14 t 0.05
0% ot n 0.12 + 0.04
* -
k%" K" 0.17 ¥ 0.06
Y Y < 0.04

B (%
X()
3. 13,
1.0to0
1.0t o
4.4 %0
3.7 11
0.5t 0
1.9 %0
1.7%0
2.3%0
< 0.55

Ref. Footnote

4.25,4.37 a

4,44
4.44
4.44

4.44

4.43

a. The references listed are the primary references, but the
value comes from the overall fit described in Table 4.5,

footnote b.
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Table 4.10

Decay Modes of the x(3510) or PC

The branching fraction for y' - yx(3510) is assumed to be 0.071
(Ref. 4.25) in calculating the x branching fractions. See heading
for Table 4.2.

Mode B(y' Yw-BX(Z) BX(%) Ref. Footnote

Y v 2.5 to0.5 35. + 7. 4.25,4.37 a
4.39

2T 1" and <0.015 <0.21  4.44 b

Kt x~

21 21 0.11 T 0.04 1.5 T 0.6 4.44

Kt 0.06 F0.03 0.85 F 0.42 4.44

p oot a” 0.01 ¥ 0.008 0.14 * 0.11 4.44

3nt 30~ 0.17 * 0.06 2.4 0.8 4.4h

0® at o 0.026 ¥ 0.022 0.37 T 0.31 4.44

* -
k°" b a 0.031 % 0.022  0.44 * 0.31 4.44
Y Y <0.026 <0.37 4.43 c

a. The references listed are the primary references, but the value comes
from the overall fit described in Table 4.5, footnote b.

b. Forbidden for a Jp = 1+ state.

c. Forbidden for a spin 1 particle.
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Table 4.11

Decay Modes of the x(3550)

The branching fraction for ¥' > yx(3550) is assumed to be 0.070
(Ref. 4.25) in calculating the x branching fractions. See heading

for Table 4.2

Mode B(yp' - Yx)-BX(%)
_— 1.0 T o.4
t - +
T 7w and 0.02 T 0.01
kt &
21 2m 0.16 T 0.04
j K+ K ﬂ+ T 0.14 * 0.04
|
| ppmom 0.02 t 0.01
3n 3m 0.08 * 0.05
0® n T 0.05 * 0.030
* -
k" F 0.052 * 0.031
Y Y < 0.02

BX(%)

14. Y6

0.29 * 0.

(@] N N
N o w
O

14+ 14 1+
o o (@]

—
-
1+
-

O
~
—
+
[e]

< 0.29

14

.14

.43

b

Ref. Footnote

4.25,4.37, a
4,39

4.44

444
4.44
4.44

4.44

4.43

a. The references listed are the primary references, but the value
comes from the overall fit described in Table 4.5, footnote b.




Spin assignments of the Y states.
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Table 4.12

ments depend on assumptions discussed in the text.

State/JP

¥ (3550)

x (3510)

x (3455)

x (3415)

The preferred assign-—

excluded by
+ -

X > T T or

+ -

K K and by

angular dis-

tribution in

U'>yx>y hadrons

excluded by
angular dis-
tribution in

P '+yx=>y hadrons

excluded by
X>T T or

KK

preferred

excluded by
angular dis-
tribution in

excluded by
angular dis-
tribution in

preferred

‘J) Py Y Py =YYy
preferred
excluded by preferred excluded by

+ -
X>T T or

KK

+ -
X >T 7T or

KT
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Table 5, 1

Quark content and internal quantum numbers of the D and F type single

charmed mesons. Only the particles are shown,

Type ‘ D F

Charm | +1 +1 _
I 1/2 0
Strangeness 0 +1

Quark Content cd cu cs
Pseudoscalar Name D+ D° F+

Vector Name D*+ D*0 Fx+




- 120 -

Table 5.2

Quark content and internal quantum numbers of spin 1/2, singly charmed

baryons. The pairs of ordinary quarks are classified into symmetric and anti-

symmetric states

Quark

Type Isospin Strangeness Name Content
Xi
c b cuu
1 c
+ +
Cl 1 0 C1 Zc ¢ (ud )Sym
o] (6]
C 1 b o cdd
+ +
A
CO 0 0 CO c ¢ (ud)anti
+
1 s cEu)
S 5 -1 0o
S ¢ (sd)
. sym
+
. A ¢ (su)anti
A 3 -1 0
A ¢ (Sd)anti
T 0 -9 TO CcSS
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Table 5.3

Effective quark masses from eq, (5.2).

Effective Mass (GeV/cz)
0.39

0.39

0.51
1.55
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Table 5.4
Seme predicted branching ratios for singly charmed mesons from ref.[5.7].
o) + =+ . :
Mc means D, D ,or ¥ . 4, Ve means e or u and the corresponding neutrino

or antineutrino.

Decay Mode Branching Ratio
MC’—>2+Ve+ hadrons o1l - .25
D——>£+ve+K .03 -.08
F—>£+ve+K .02 - .05
0
D —Kr .03 -,18
+
D —Kr .02 - .10

+ o -
F'— nrt or Fe XK 02 - .12
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Table 5.5

-

Summary of charmed meson data of SLAC-LBL Magnetic Detector

Collaboration
E (GeV) When obtained Hadronic Events Integratéd
cm . -
Tuminosity (nb )
3.9 ~-4.6 before May, 1976 29,000 ~ 1830
4,028 May-July, 1976 25, 000 ~ 1280

4,415 May-July, 1976 26,000 ~ 1630
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Table 5.6a
%
- Preliminary values of some properites of the D -D system obtained
+
the recoil mass spectra against the D° and D at Ecm = 4,028 GeV,

ref.[5.14-5.17] .

Parameter Value
MDO(MeV/cZ) 1865 * 3
2 +
M (MeV/c”) 1875 + 5
2 +
Mo (MeV/c”) 2006 * 1.5
2 o~ 4
MD*+(MeV/c ) 2010 T 3
T(0*® + DoY) /T(D*© » all) 0.55 * 0.15

Table 5.6b
- *
Preliminary values of relative cross sections for D° and D ° pro-

duction at E__ = 4.028 GeV, ref.[5.14-5.15].

Relative Cross Section

Reactigg (Arbitrary Units)
e+ e > 0% 4 n° 1.0 t 0.6
e+ +e »0°+D %and D° +D°° 9.4 f 1.6

(e}

— * -
et 4 e D% 4D 9.6 ¥ 1.6
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Table 5.7

Preliminary values for cross sections times branching ratios

(¢ . B) for D° and D+ production [5.15,5.22].

Meson

Decay Mode g « B(ab)
E = 4.028
cm
pfs
K 0.57 * 0.11
Kontn™ + O 1.09 * 0.30
+ -
Kon i 0.83 *0.27
ntn 0.04
kT 0.04
4+ - -
KontnT 0.40 ¥ 0.10
o
Kr'w 0.02
+
ﬂ-ﬂ+ﬂ- 0.03
+
KR 0.06
ER—
O - o]

Knm +Kmn 0.18
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Table 6.1

Predicted branching ratios for a T sequential charged heavy
¥epton with a mass 1.9 GeV/cZ, an associated neutrino mass of 0.0,

and V-A coupling.

state interaction. leads to .the hadron continuum

decay mode

vV e v
T e

v v
™ i

vT (hadron continuum)

The predictions are based on Refs. 6.11 and 6.12 as
discussed in Ref. 6.19.

The hadron continuum branching ratio assumes
a threshold at 1.2 GeV for production of ud quark pairs whose final

branching ratio

.20

.20

.11

.01

.22

.01

.07

.18

number of

charged particles
in final state
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Table 6.2

90% confidence level upper limits on the fraction of decays
in reaction(6.18) which can contain an undetected particle or
combination of particles.

-

undetected particle(s). 907% confidence upper limit
K° 0.09
7° or Y 0.18
Charged particle 0.09
Charged particle + n° or Y 0.11
TOTAL 0.39
Table 6.3
x2 probabilities for the fits in Fig. 6.8
Ecm range 2
Theory (GeV) X probab?llty
Heavy Lepton: 3.8 < E o < 4.8 .92
mT=1.9O GeV/c2, ¢
m = 0.0, E _=4.8 .01
Vo cm
V-A, 4.8 < em © 7.8 46
3-body lepton,
decay. 3.8 < E < 7.8 .50
cm
Boson:
mT=1.9O GeV/cz, -4
2~body decay, 3.8 < Ecm < 7.8 <10
unpolarized,
Boson: 9
m =1.90 GeV/c™,
2-body decay , 3.8 <E_ <7.8 <107
helicity=0

state only .
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Table 6.4

Probabilities that the mass m,. can yield the observed 9
cross section in Fig. 6.5. Pp(m,) is the probability that
all ep events produced at E., < 2 m, comes from background.

2
mT(GeV/c ) PT(mT)
1.7} f no eu events
1.8 lwith E_ < 3.8 GeV
cm
1.9 0.10
1.95 0.06
2.00 0.06
2.05 0.06
2.10 0.008
2.15 0.002
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Table 6.5a

Mass measurements of the T in GeV/cz, assuming V-A coupling

- for the =V, and mv = 0.0. The three methods are based on:

T .

P> the pseudo~transverse momentum; coOS ecoll, the cosine of
the collinearity angle; and r, the scaled momentum distribution.
They are explained in the text. The errors are statistical.

E range Method
cm
)
(GeV) P cos 9 .4 r
3.8 < Ecm < 4.8 1.88 + .08 1.91 £ .25 1.83 = .06
Ecm = 4,8 2.11 = .13 1.82 = .22 1.83 = .08
4.8 < Ecm < 7.8 1.86 =+ .08 1.85 =+ .12 2.27 = .31
3.8 < Ecm < 7.8 1.91 £ .05 1.85 = .10 1.88 =+ .06
Table 6.5b

Mass measurements of the T in GeV/c2 for two models: V-A
coupling for the t-v_ and m, = 0.5 GeV/c2; and V+A coupling for

the T—vTandn% = 0.0. The three methods: p,, cos Bco11s and

are explained In the text. The entire 3.8 < Ecy < 7.8 range is
used and the errors are statistical.

Model Method
5
P €08 o1l t
= 0.5 GeV/c? 2.01 £ .05 1.90 * .09 1.70 £ .12
= 0.0 2,12 £ .05 1.95 % .10 upper limit

is 1.76 with
95% confidence.
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Table 6.6
Ratios of the observed cross sections ¢ , o and ©
ee’ “e Uy
for anomalous pair production. The errors are statistical,
See Ref. 6.23 for a discussion of the systematic errors
and the data sets.
Data Set E  Range /o o [o.
cm ee’ ey Hp' ey
(GeV)
3.9 - 4.3 .30 £ .24 .75 £ .26
4.3 - 4.8 .86 + .38 1.46 = .49
2
4.8 - 6.8 45 1 .16 .52 + 14
6.8 - 7.4 .56 = .26 .51+ .20
3.9 - 4.8 .37 + .33 .63 £ .35
1
4.8 .68 + .30 .27 £ .20
1 and 2 all events .52 £ .10 .63 + .10
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Table 6.7

Anomalous 2-prong muon production results. A candidate is
a‘barticle which has sufficient momentum and the proper direction
to be detected by the muon spark chambers at level 2 or 3 if it
were a muon, but events in which both prongs are electrons are exc¢luded.
The backgrounds which are listed and subtracted are from radiative
u  pairs, from eeppd events, and from hadron penetration and decay.
The expected heavy lepton contribution is for m; = 1.90 GeV/cz,
m,_ = 0.0, V-A coupling, and the relative decay rates in Table 6.1.
From Refs. 6.4 and 6.19 .,

Ecm range (GeV) 3.9 to 4.3 4.3 to 4.8 5.8 to 7.8
Average Ecm (GeV) 4.05 44 6.9
Candidates 181 224 902
Muons 24 29 . 177
Radiative @ pairs 2.3 2.2 17
eeyp events 1.4 1.8 29

Hadron penetration

or decay 5.0 6.4 28"
Anomalous muons 15.3 t 5.1 18.6 1 5.7 103 T 18
Anomalous cross section (pb) 194 T 71 253 T 71 212 t 49

Expected heavy lepton
lepton contribution (pb) 252 to 57 290 to 197 218 to 191
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FIGURE CAPTIONS

Fig. 3.1. Simplified presentation of ¢ versus Ecm' The shaded areas

had

indicate large uncertainties in the value of o See fig. 2.3

had”’
for a detailed presentation of the experimental errors and un-
certainties.

Fig. 2.2. Feynman diagrams for (a) the one-photon exchange process for
hadron production, (b) muon pair production, (c) the quark
model for hadrom production, and (d) the resonance model for
hadron production.

Fig. 2.3. R The references for this data are given in I,

= ohad/o + - °
By

II, and ref. [1.4]). The E, > 2 GeV data is from the SLAC-LBL
Magnetic Detector Collaboration. See ref. [ 2] for very recent
data from the PLUTO group in the 4 < ECm < 5 GeV region.

Fig. 2.4. The SLAC-LBL Magnetic Detector, ref. (zl. .

Fig. 2.5. R in the Ecm = 3.8 to 4.6 GeV region from the SLAC-LBL Magnetic
Detector Collaboration, ref. [2.4].

Fig. 2.6. R in the Ecm = 3.5 to 5.0 GeV region from the PLUTO Group, ref. [2.5].
The dotted line 1s used to guide the eye. The full line is the cross
section for a pointlike heavy lepton of mass 1.95 GeV, (section 6).

Fig. 2.7. The PLUTO Group's detector, ref.[2.5].
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Figure Captions for Section 3

1. Tadron production in e+e_ annihilations in quark-parton models.

2. Observed mean sphericity vs Ecm for data, jet model (solid curve),
and phase—épace model (dashed curve).

3. Observed pl with respect to jet axis for 7.4 GeV data. The predicted
distributions for the jet model (solid curve) and the phase-space
model (dashed curve) are also shown.

4. Observed sphericity distributions for data, jet model (solid curves)
and phase~space model (dashed curves) for (a) Ecm = 3.0 GeV, (b) Ecm =
6.2 GeV, and (c¢) Ecm = 7.4 GeV.

5. Observed x distributions at Ecm = 7.4 GeV for data, jet model (solid
curve), and phase-space model (dashed curve).

6. Observed sphericity distributions at Ecm = 7.4 GeV for data, jet
model (solid curves), and phase-space model (dashed curves) for
(a) events with largest x < 0.4 and (b) events with largest x > 0.4.

7. Observed jet mass distributions at Ecm = 7.4 GeV for (a) all jets,
(b) 2-prong, charge = 0 jets, and (c¢) 3-prong, charge = + 1 jets.
Pion masses were used for all particles. The arrows indicate the
masses of particles or resomnances having the indicated decay modes.

8. Observed distributions of jet axis azimuthal angles from the plane
of the storage ring for jet axes with lcos 9] < 0.6 for (a) ECm =
6.2 GeV and (bs ECm = 7.4 GeV.

9. Observed inclusive ¢ vs x for particles with [cos 9] < 0.6 in
hadronic events at Ecm = 7.4 GeV. The prediction of the jet model
Monte Carlo simulation for a jet axis angular distribution with

o = 0.97 £ 0.14 is represented by the shaded band.



10.

11.

12.

13.
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s do/dx vs x for ECm = 3.0, 4.8, 6.2, and 7.4 GeV.

sedo/dxy vs x;; for E = 3.0, 4.8, 6.2, and 7.4 GeV. xy, = 2p,/E
[ cm I I Een

where p“ is the component of particle momentum parallel to the jet

axis.

(L/o) dcr/dpl vs p for events with X o> 0.5 for ECm = 3.0, 4.8,

L
6.2, and 7.4 GeV. X o« is not plotted. The distributions are
normalized to the cross sections for events with X ox > 0.5. P,

is the component of particle momentum perpendicular to the jet axis.
(1/0) do/dy vs y for events with x > 0.5 for E_ = 3.0, 4.8, and

max cm

7.4 GeV. X ax is not plotted. The distributions are normalized to
the cross sections for events with X ox > 0.5. y is the rapidity of

the particle with respect to the jet axis. Pion masses were assumed.



Fig. & 1.

Fig. 4.2.

Fig. 4.3.

Fig. 4.4.
E Fig. 4.5.
! Fig. 4.6.
|

Fig. 4.7.

Fig. 4.8.
f Fig. 4.9.
1’
| Fig. 4.10.
? Fig. 4.11.
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FIGURE CAPTIONS

R, the ratio of the cross section for the production of hadronms
to the cross section for the production of u pairs, as a function
of center-of-mass energy in the vicinity of the ¥ (4414). The
curve is the fit to the (¢ (4414) line shape. The daéa are from
ref. [4.2].

Quark diagrams illustrating the OZI rule in ¢ decays.

Cross sections for (a) hadron production, (b) u pair production,
and, (c) e pair production and scattering in the vicinity of
the Y. Data are from ref. [4.4].

Cross sections for (a) hadron production, (b) u pair production,
and (c¢) e pair production and scattering in the vicinity of

the ¢'. Data are from ref. [4.5].

Diagrams for (a) efe” » ¥ -~ anything, and (bs e+e- > P > ete.
The ratio of u pair yield to e pair yield in the vicinity of

(a) the ¢ and (b) the ¢' for lcos Gl < 0.6, Data are from

ref. [4.4] and [4.5].

Diagrams for (a) direct ¥ decays to hadrons, (b) ¥ decays to
hadrons via an intermediate photon, and (¢) ¢ decay to u pairs.
a(defined in eq. 4.5) versus number of pions in ¥ decays. Data
are from ref. [ 4.16].

Quark diégramsillustrating (a) ¢ ~» mﬂ+n—, (b)'w - ¢ﬂ+ﬁ—,

() ¥+ ¢8% + om'm .

Invariant mass of ﬂ+n— in (a) ¢ - ¢n+w_, and (b) ¥ ~ wﬂ+w—.
Data are from ref, [4.15].

Quark diagrams illustrating three mechanisms for ¢ - Yﬂo, Y > yn,

and ¥ > yn' decays.
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Fig. 4.12, Diagram for calculating ¥ > yn from ¥' - ¥xn using vector meson
dominance. -

fig. 4.13. States and radiative transitions expected from bound fermion-anti-
fermion system.

Fig. 4.14. Invariant ¥ mass distributions fgr P o> vy for (a)-2ﬂ+2n—

-+

(b) w W—K+K_ (c) 3n+3ﬂ_, and (d) the sum of ﬂ+ﬂ_ and K+K_.

Data are from ref. [4.44].

Fig. 4.15. Computer reconstruction of a ¢' > yX = yy¢ - vyup - Ye+e~u u
cascade in the SLAC-LBL Magnetic Detector at SPEAR. The short boxes
represent trigger counters and the long boxes represent shower
counters. The uncoverted vy is detected by the isolated shower counter
on the left.

Fig. 4.16. Scatter plot of the two solutions for themass of x states in Y' -
YX + vyyy events. Data are from ref. [4.37].-

Fig. 4.17. Inclusive photon energy distributions for (a) ¢ decays and (b) ¥'
decays (ref. [4.37]) observed with converted photons in the SLAC-LBL
Magnetic Detector at SPEAR.

Fig. 4.18. Inclusive photon energy distributions for (a) ¢ decays and (b) y'
decays measured by the MPPSDSS experiment at SPEAR (ref. ([4.25]).
Part (c) shows the ¥ distributions with backgrounds subtracted. The
dotted curves represent Monte Carlo calculations and fits.

Fig. 4.19. Definition of angles for the cascade decay ' =+ yx - yyx ~ qu+u_.

Fig. 4.20. Distribution of cos 8 for ¥' = yx, X +-2ﬂ+2ﬂ_ or K+K—ﬂ+ﬂ—. Data are
from ref. [4.40].

Fig. 4.21. The highest yy mass combination for each event in Y - 3y. The dashed
curve is the expected contribution from radiative two photon production

and reflections from yn and yn' decays. Data are from ref. L4.24].



Fig. 4.22.

Fig. 4.23,
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Invariant mass of pE in ¢ > ppﬂo and ppy decays. Data are from
ref. [4.201].

Summary of observed charmonium states and transitions. Uncertain
states and transitions are indigated by dashed lines. Numbers
indicate bfanching fractions in per cent. The symbol "y*" stands
for second-order electromagnetic decays including decays to lepton

pairs.



Fig. 5T1.
Fig. 5.2.
Fig. 5.3

Fig. 5.4.
Fig. 5.5.
Fig. 5.6.
Fig. 5.7.
Fig. 5.8.
Fig. 5.9.
Fig. 5.10.
Fig. 5.11.
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FIGURE CAPTIONS

The SU4 multiplet for the pseudoscalar mesons.

Decays of the ¢ quark: (a) non-leptonic, and (b) leptonic.

The associated term gives the effect of the Cabibo angle on the
amplitude.

Quark diagrams for decays of the p° meson.

The Kr and K37 invariant mass spectra data in which the D° was
first found. Note thatthe mass enhancement at 1865 MeV/c2 occurs
only in the expected K and n combinations. ref. [5.9].

Recoil-mass spectra for combinations in the Kr and K3m peaks.

The K27 invariant mass spectra data in which the Dt was first found,
ref. [5.10].

—_ -+ 4+

+ O - - =
Dn-D mass difference spectra for (a) p°+" and D°n (i.e. X' 7w )
-+

+1

combinations,; and (b) ;6ﬂ+ and D°n" (i.e. K’ 7 combinations).
Level structure and possible decays of the D*—D system.

The recoil mass spectra at ECm = 4.028 GeV against (a) wat,

(b) (KBH)O, and (c) K;ntﬂf from ref. [5.141].

Prediction for the shape of the recoil mass spectra against the p°
at ECm = 4,05 GeV, from ref [5.12). The contributions are: 1 from
eq. (5.13a); 2 from eq. (5.13b); 3 from eqs. (5.13c) and (5.13d);

4 from eq. (5.13g); 5 from egs. (5.13e) and (5.13f); and 6 from

eq. (5.13h).

+
+.. —
The inclusive cross section for e e - K X from ref. [5.18}.



Fig. 5.12.
Fig. 5.13.
Fig. 5.14.
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(a) Comparison of Rzew and R™Y from ref. {5.18]. See the text for

REeW and R, The R"Y data is from ref. [2.5].

(b) The same data as (a) with heavy lepton contribution subtracted

an explanation of
from ROV,

The total inclusive K: cross section for p(KZ) > 0.7 GeV/c as function
of Vs (GeV), from ref. [5.19].

R' = 20.. /o as a function of E _ from ref.[(5.20].
K KS i cm
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Fig. 6.2.
Fig. 6.3.
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Fig. 6.6.
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Fig. 6.8.
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FIGURE CAPTIONS

Analogy between (a) the decay of a 1 charged heavy lepton to
hadrpns,and (b) the production of hadrons in e+e— annihilation.

(a) Relati&e decay fates for a sequential ﬁeavy lepton with V-A
coupling, zero neutrino mass, and mass m, based on the input

in table 6.1 and R = 10/3 for Ecm > 2.0 GeV, and (b) the corres-
ponding lifetime.

Feynman diagram for e+ +e - T+ + T via one-photon exchange.

Quark diagram for (a) the semi-lepton decay of the charm quark,

and (b) the hadronic decay of the charm quark.

Ueu’ the observed production cross section for signature ey events.
The vertical bars are statistical errors. The horizontal bars
indicate the Ecm range covered by each point. There were no events
before background subtraction in the 3.0 < Ecm < 3.6 GeV range. The
solid curves are best fits to OeU for point production of a V-A

heavy lepton pair, eq. (6.9), for m, o= 0.0 and o = 1.8 or 2.0 GeV/c2
as indicated. The dashed line is fo; a mass 1.8 GeV/c2 heavy lepton
pair production with a constant/s form factor. The curves are
corrected for the angle and momentum cuts, and for Ecm dependent
efficiencies.

The missing mass squared, mi, distribution for 4.8 < Ecm < 7.8 GeV.
Then invariant mass squared, mi, distribution for 4.8 < Ecm < 7.8 GeV,
The scaled momentum distribution, r = (p - 0.65)/(pmax - 0.65)
where p is the momentum of the e or ufor (a) all events and (b) three

ECm ranges. The solid curve is the theoretical prediction for the

3-body leptonic decay (eq. (6.5)) of an m_ = 1.90 GeV/cz, m, = 0.0,
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V-A, heavy lepton. The dashed and dot-dashed curves are for an mo =
1.90 GeV/c2 boson with 2-body leptonic decay modes (eq. (6.14)); the
former for an unpolarized boson and the latter for a spin 1 boson
produﬁed only in the helciity = 6 state. The curves are corrected for
the angle and momentum cuts. The data is corrected for background.
The bump at r = 0.9 in the m = 1.9 GeV/cz, 2-body decay model is
caused by our having a few events at ECm = 3.8 GeV.

The cos ecoll distribution for 3 energy ranges. The background is

subtracted. A value of zero indicates no events in that bin. The

theoretical curves are for an mo= 1.90 GeV/cz, m,o= 0.0, V-A,
heavy lepton; they are corrected for angle and moméntum cuts.

The pseudo~transverse momentum, P, s distribution for 4.8 < Ecm <
7.8 GeV ep events. p $is defined by finding Fhe axis AA' in the
P> fu plane such that the perpendicular components of‘ge and P
with respect to that axis are equal and minimum.

Comparison of the r distribution for all eu events with various
models for the T heavy lepton. The solid curves are for V-A
coupling, m = 1.90 GeV/c2 and m = 0.0, 0.5, and 1.0 GeV/c2

T

as indicated. The dashed curve is for V+A coupling, m = 1.90

GeV/c2 and m = 0.0. The curves have been corrected for the angle

vt

and momentum cuts. The background is subtracted.

A compar&son of the measured total cross section for two~prong
events with that expected for the two prong events from a mass
1.95 GeV/c sequential heavy lepton. From ref. [2.5].

(a) Anomalous muon production cross section, and (b) ratio of

anomalous muons to candidates versus the number of observed

charged prongs in the Ecm range 5.8 to 7.8 GeV. Note that the



Fig. 6.14.

Fig. 6.15.

Fig. 6.16.

Fig. 6.17.

Fig. 6.18.

- 142 -

two-prong cross section is not corrected for a coplanarity cut

and is thus artificially suppressed relative to multiprong cross
sections. In calculating the two-prong u fraction, the number of
candidates has been corrected to eliminate leptonic reactiomns.
From-ref. [6.47.

Differential cross section for anomalous muon production versus
momentum for (a) two-prong events, and (b) multiprong events in
the ECm range 5.8 to 7.8 GeV. The so0lid curve represents the
expected cross section from the decays of heavy leptons with
parameters as specified in the text. Trom ref. [6.4].

The DASP detector, ref. [6.27'.

Early data on the electron momentum spectrum for large multiplicity
events obeying eq. (6.31) from the DASP Group [6.27]. More recent
data from that group [6.26 shows that the data reaches a peak above
0.2 GeV/c. The theoretical curves from ref. 1 6.29] are for a particle
(D or heavy lepton) with B = 0.3.

The observed cross sections for large multiplicity events obeying
eq. (6.31) versus Ecm 16.27\.

The observed cross section for events containing a KZ and an e from

the PLUTO Group [6.28].
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FIGURE CAPTIONS

Predicted sphericity distributions at 30 GeV by the phase space

and jet modél Monte Cérlo calculaéions.

Predicted distribution of the cosine of the angle between any

two particles at 30 GeV by the phase space and jet model Monte Carlo
calculations.

The spectrum of electron dipole photon transitions expected from

a series of {-like states B8, B', and 8'' for a quark mass of 5 GeV/cz.
For the sake of clarity mulitplet splittings are exaggerated and spin
singlets are not shown.

The spectrum of important hadronic transitions éxpected from a series
of ¢y-like states B, 8', and B'' for a quark mass of 5 GeV/cZ. Two
pion and n transitions are indicated by solid and  dash~dotted lines.
Other transitions are indicated explicitly. For the sake of clarity
spin transitions between P states of different spin are not indicated.
The electric dipole transition 11P1 > llSO is shown here since llP1

1
can be reached most easily via 3351 > l'P1 + 27,
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